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ABSTRACTS
Apoptosis, a physiologically regulated cell death, plays critical roles in development and
immune system by maintaining tissue homeostasis. The thesis project investigates
regulations of apoptosis in a human colon adenocarcinoma cell line, HT-29, exposed to
diverse cellular stimuli, focusing on a specific protein as well as global level of proteins.
The first part of the thesis demonstrated S-nitrosation of procaspase-9. S-nitrosation is a
novel protein modification to regulate protein-protein interaction or protein activity. This
modification has been implied to inactivate caspases. We could visualize S-nitrosation of
an initiator caspase, procaspase-9, by enriching low-abundant procaspase-9 with
immunoprecipitation and stabilizing S-nitroso-cysteine with biotin labeling. Nitric oxide
synthase inhibitors and tumor necrosis factor-a (TNF-a) reduced the S-nitrosation level
of procaspase-9, suggesting that S-nitrosation may be regulated by a nitric oxide synthase
and denitrosation is likely a mechanism of apoptosis.
The second part of the thesis is to examine survival effects of insulin on cells undergoing
TNF-a-induced apoptosis. Insulin decreased the TNF-a-induced cleavage of key
apoptotic mediators, caspases, and their substrates as well as apoptosis, in part, depending
on phosphatidylinositol-3 kinase (PI-3K)/Akt pathway. One of protective mechanisms
by insulin is likely to decrease the TNF-a-induced dissociation of a potent inhibitor of
caspases, X-chromosome linked inhibitor of apoptosis protein (XIAP), from procaspase-9
via PI-3K/Akt pathway.
Lack of phosphoproteomics data in HT-29 cells led the third part of the thesis to focus on
investigating global level regulation of phosphoproteins during apoptosis. With a
phosphoproteomics technology, IMAC/LC/MS/MS, -200 phosphosites were identified
from HT-29 cells, some of which were detected only from insulin-treated cells. Our
phosphoproteomics approach also enabled us to detect alteration of both known and
unknown phosphorylation states of apoptosis-related proteins at two time points during
early apoptosis induced by tumor necrosis factor-a.
3
Apoptosis is a multi-step and complex process. Results in this thesis shows that more
than one mechanism regulate the activation of a key apoptotic mediator so that fine-
tuning exists up to the point of commitment to cell death, when significant alterations of
posttranslational modifications occur in protein networks.
Thesis Supervisor: Steven R. Tannenbaum
Title: Underwood Prescott Professor of Toxicology, Professor of Biological Engineering
and Department of Chemistry
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Chapter 1. REGULATION OF APOPTOSIS VIA POSTTRANSLATIONAL
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1.1. APOPTOSIS
Since Kerr et al. proposed the term 'apoptosis' for a phenomenon of controlled
cell death in 1972 (1, 2), enormous amount of physiological, molecular biological, and
biochemical information on apoptosis has been published and in turn applied to medicinal
fields. Apoptotic cells demonstrate distinct morphological features, such as cell
shrinkage, membrane blebbing, nucleus condensation, cytoskeletal disruption, and
fragmentation of the cell into apoptotic bodies without inflammation, whereas necrosis
shows cell swelling and lysis by non-specific cell damages (3-6). Apoptosis is a
physiolosically essential process in development and immune defense system by
removing unnecessary or harmful cells (1, 2). Abnormal regulation of apoptosis,
therefore, leads to diverse disease states including carcinogenesis, autoimmune diseases,
and neurodegenerative diseases (5). Apoptotic stimuli include tumor necrosis factor
family, transforming growth factor-J, loss of matrix attachment, growth factor
withdrawal, glucocorticoids, chemotherapeutic agents, UV and gamma radiation, while
growth factors, extracellular matrix, estrogen, and tumor promoters inhibit apoptosis (3-
5). Exposed to these diverse extracellular and intracellular signals, multicellular
organisms maintain homeostasis in tissues between cell proliferation and apoptosis.
Molecular mechanisms of fine-tuning between apoptotic and survival signaling networks
are important subjects to elucidate biology of cells and to further contribute to medicinal
field by characterizing therapeutic targets. This thesis focuses on posttranslational
modifications as regulatory mechanisms of both a specific protein and global level of
proteins involved in apoptosis.
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1.2. KEY APOPTOTIC MEDIATORS, CASPASES, AND APOPTOTIC
SIGNALING PATHWAYS
Cysteine-containing asPartate-specific proteases (caspases) are key mediators of
apoptosis (7, 8). The protease family was formerly called interleukin-lp converting
enzyme (ICE) family based on the function of the first identified member until the term
'caspase' was adopted in 1996 (7). Active site of caspases possesses a cysteine and
cleaves the carboxy-termial of aspartic acid residue in their substrates (9). Specificity of
caspase substrates is determined by consensus motives of four amino acids with aspartic
acid in the carboxyl-terminal. Based on these sequences, caspases are categorized into
group I (caspase-1, -4, -5, and 11; WEHD), group II (caspase-2, 3, and 7; DEXD), and
group III (caspase-6, 8, 9, and 10; L/VEXD) (10). According to molecular ordering,
apoptotic caspases are also categorized into either initiator caspases (e.g., caspase-8, -9)
or executioner caspases (e.g., caspase-3, -6, -7). The former group caspases play as
upstream mediators of apoptosis and their structure comprises prodomain for protein-
protein interaction, large subunit, and small subunit, while the latter group caspases with
short prodomain, large subunit, and small subunit, are activated in downstream events
(11, 12). In general, initiator caspases are auto-cleaved by their intrinsic activity after
increased local concentration via protein-protein interaction, whereas executioner
caspases are processed by active upstream caspases. As a result of exposure to apoptotic
signals such as death receptor ligands (e.g., tumor necrosis factor-a and Fas ligand) or
cellular damaging agents (13, 14) (e.g., UV and gamma radiation, cisplatin, and
staurosphorin), procaspases, inactive zymogens under normal conditions, become cleaved
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into their active forms (12). For instance, tumor necrosis factor-a (TNF-a) binds to its
receptor, resulting in the association of the receptor with an adaptor protein, TNF
receptor-associated death domain protein (TRADD), via a death domain (DD), which
subsequently binds to Fas-associated death domain protein (FADD) (15). This
association forms a death-inducing signaling complex (DISC) (16), in which procaspase-
8 binds to the FADD via a death effector domain (DED) (17-20) and becomes activated
through homolytic cleavage (21). In type I cells, active caspase-8 directly cleaves
downstream procaspase-3 (11, 22, 23), whereas a small amount of caspase-8 activated in
type II cells truncates the BH3 domain-containing proapoptotic Bcl-2 family protein
(BID). Truncated BID (tBID) may be myristoylated and consequently translocated into
mitochondrial membrane (24). The translocation of tBID induces the release of
cytochrome c into cytosol (25-29), which also occurs through cellular damaging agents
(13, 14). In the presence of cytochrome c and dATP (30, 31), apoptotic protease-
activating factor-i (Apaf-1) binds to procaspase-9 via a caspase activation recruitment
domain (CARD) (32), forming an apoptosome (30, 31, 33-36), in which procaspase-9
becomes activated. Cleaved caspase-9 processes other downstream procaspases such as
procaspase-3 (37-40), which further cleaves downstream substrates such as poly-(ADP-
ribose) polymerase (PARP) (41), leading to apoptotic changes (42-48). Given that
caspases are key apoptotic mediators, their regulation via fine-tuning such as
posttranslational modifications or protein-protein interactions will be informative in
elucidating mechanisms of cellular balance. Part of this thesis, therefore, focuses on the
investigation of mechanisms to regulate activation of a key apoptotic component,
procaspase-9.
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1.3. ROLE OF NITRIC OXIDE IN APOPTOSIS
Nitric oxide, a highly diffusible molecule, functions as a signaling molecule or a
cellular stress in forms of reactive nitrogen species after reactions with oxygen or other
radicals (49). Role of nitric oxide in apoptosis has been controversial and multi-faceted.
Thus, depending on not only cell types but also concentration and duration of nitric oxide
produced, nitric oxide can function as either a pro- or anti-apoptotic factor (49-51). The
general consensus is that physiologically normal levels of nitric oxide protect cells,
whereas abnormal production of nitric oxide results in pathological consequence, namely,
either apoptosis or necrosis. In this thesis, only anti-apoptotic role of nitric oxide will be
discussed. Nitric oxide has been reported to exert its anti-apoptotic functions via the
activation of guanylyl cyclase and consequent increase of cGMP levels (52), decrease of
cytochrome c release by suppressing mitochondrial permeability transition pore (53), or
increased anti-apoptotic gene expression, particularly, heat shock protein 70 (54).
Recently, a novel modification, S-nitrosation (55, 56), by nitric oxide-mediated signals
has been identified among a number of proteins, including receptors (57-59), kinases
(60), G-proteins (61-63), redox regulatory proteins (64), transcription factors (65-67), and
extracellular matrix proteins (68), as a regulatory mechanism in cell signaling pathways
including the apoptotic process. Outcome of S-nitrosation varies among proteins,
altering activity or protein-protein interaction (56). S-nitrosation had been only
suggested using nitric oxide donors, nitric oxide synthase inhibitors, and/or reducing
agents rather than directly identified due to lack of techniques. Then, Jaffrey et al. (69)
demonstrated that the modification exists physiologically and is regulated by neuronal
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nitric oxide synthase with a method to stabilize nitroso-cysteine moieties by labeling.
There are still major questions to be answered in S-nitrosation research; specificity of the
modification along with characterization of consensus motif, identification of
intracellular nitrosating molecules, and elucidation of denitrosating mechanism (55, 70,
71).
1.4. ROLE OF POSTTRANSLATIONAL MODIFICATIONS IN THE
ACTIVATION OF CASPASES I. S-NITROSATION
As described above, caspases are activated via cleavage, which has been used as
an apoptotic indicator. On the other hand, posttranslational modifications such as
phosphorylation and nitrosation have been implied to inactivate caspases, which
motivated us to identify the modifications in this thesis project.
S-nitrosation of caspases has also been suggested to decrease their activity or
cleavage in diverse cell types treated with nitric oxide donors or nitric oxide synthase
inhibitors, although these studies did not directly characterize S-nitrosation (72-80). On
the other hand, S-nitrosation of recombinant active caspase-3 treated with a nitric oxide
donor, S-nitroso-N-acetyl-penicillamine (SNAP), was identified by electrospray
ionization mass spectrometry (ESI-MS) (81). This report, however, raises the issue of
relevance to endogenous caspases in the cells and did not localize the modification site.
Then, nitrosation of the active-site cysteine in endogenous procaspase-3 and its
denitrosation through Fas signaling were observed in various immune cells using
photolysis chemiluminescence (82). Also, the relation of S-nitrosation to cellular
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localization of procaspase-3 was addressed (83). They observed that larger fraction of
procaspase-3 is nitrosated in mitochondria, but the modification did not affect cellular
localization. These reports applied more direct methods to endogenous procaspase-3
compared to previous literature. One concern is that they used the whole
immunoprecipitates of procaspases and, therefore, it is possible that S-nitrosation could
be detected also from other proteins precipitated with procaspase-3. Focusing on an
upstream apoptotic protease, procaspase-9, results in Chapter 2 demonstrate S-nitrosation
of procaspase-9 and how this modification is regulated during apoptosis.
1.5. PROTECTIVE MECHANISMS OF SURVIVAL FACTORS
Survival factors, such as insulin, epidermal growth factor, platelet derived growth
factor, granulocyte-colony stimulating factor, hepatocyte growth factor, insulin-like
growth factor, rescue cells from apoptosis (4, 84) induced by death receptor ligands (85)
or DNA damaging agents (86). Phosphatidylinositol-3 kinase (PI-3K)/Akt (85, 87-91),
extracellular signal-regulated kinase (ERK) (87, 92), protein kinase A (PKA) (93-96),
protein kinase C ( a, 3, t, , ) (97-99), focal adhesion kinase (FAK) (100), and NF-KB
(101-104) are known to inhibit apoptosis. Also, anti-apoptotic molecules, regulated by
these kinases and thereby regulating pro-apoptotic proteins, have been studied to
elucidate protective mechanisms by survival factors. Anti-apoptotic bcl-2 family
members (e.g., Bcl-2 and Bcl-XL) inhibit apoptosis by blocking release of cytochrome c
(105). FLICE-like inhibitory protein (FLIP), a dominant negative form of procaspase-8,
has been suggested to inhibit the activation of procaspase-8 by playing the role of its
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competitor (106-108). X-chromosome-linked inhibitor of apoptosis protein (XIAP), a
multi-functional protein involved in cell cycle regulation, protein ubiquitination, and
receptor mediated signaling (109), is known as the most potent endogenous inhibitor of
cleaved caspase-3, -7, and -9 (110). In cell-free experiments, recombinant XIAP bound
to and inactivated the cleaved forms of caspase-3, -7, and -9 (33, 111-115). Likewise,
survival stimuli tightly control the activation of caspases via anti-apoptotic proteins
activated in diverse kinase pathways.
Insulin was chosen as a survival signal in this thesis project since preliminary
experiment in the Sorger Laboratory at MIT showed that insulin has stronger protective
effect against an apoptotic agent, tumor necrosis factor-a, than other growth factors used.
Insulin receptor is a heterodimer consisting of two a-subunits and two -subunits linked
via disulfide bonds (116). Upon stimulation, the receptor, a tyrosine kinase, is
autophosphorylated (117) and in turn activates other proteins such as insulin receptor
substrate-i (IRS-1) (118), which interacts with p85, the regulatory subunit of
phosphatidylinositol 3-kinase (PI-3K) (119). Phosphatidylinositol (3,4,5) P3 and (3,4) P2
phosphorylated by PI-3K bind to the plekstrin homology domain of Akt (120), which is
now located near membrane to be phosphorylated by phosphatidylinositol (3,4,5) P3-
dependent kinase-I (PDK-1) (121). Akt is further phosphorylated by another kinase,
possibly, mitogen-activated protein kinase-activated protein kinase-2 (MAPKAP kinase-
2) (122). A variety of Akt substrates have been identified (123-128), elucidating its roles
in cell cycle regulation, glycogen synthesis, protein synthesis, cell proliferation, and anti-
apoptosis (129, 130).
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1.6. ROLE OF POSTTRANSLATIONAL MODIFICATIONS IN THE
ACTIVATION OF CASPASES II. PHOSPHORYLATION
Faleiro et al. (131) suggested multiple species of caspases. They showed that two
dimensional gel electrophoresis separation of active caspases, isolated from cell extracts
using biotin-labeled caspase-specific inhibitor, resulted in alteration of protein spots
among different cells. These multiple species may represent not only modified forms but
also different caspases considering that the inhibitor used for isolation is not highly
specific for a caspase. Phosphorylation of caspases was first suggested by Martins et al.
(132). Treatment of HL-60 human leukemia cell extracts with phosphatase X followed by
affinity isolation of active caspases for subsequent two dimensional gel electrophoresis
suggested that phosphorylated forms of caspases may exist. Cardone et al. (126)
performed in vitro kinase experiment with recombinant Akt and procaspase-9, showing
phosphorylation of proform and large subunit of caspase-9. Phosphorylation site was
also suggested using peptides synthesized from Akt consensus motif scanning. These
experiments adopted recombinant proteins or cell-free system, which might be irrelevant
to intracellular events. This limitation motivated us to investigate regulatory mechanisms
of endogenous procaspase-9. Recently, phosphorylation of endogenous procaspase-9
induced by mitogen-activated protein kinase kinase 1/2 (MEK 1/2) was identified in
HeLa cells using phospho-specific antibody (133). While Akt has been suggested to
phosphorylate a serine residue of procaspase-9 in the former report, MEK was shown to
phosphorylate a threonine residue in the latter, suggesting that diverse kinases
phosphorylate procaspase-9 at different modification sites for tighter regulation of
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apoptosis. In this thesis, the effects of a survival signal on alteration of caspases at the
level of its activation and interaction with other related proteins were investigated.
1.7. ROLE OF PHOSPHORYLATION IN APOPTOSIS
Although it has been known that phosphorylation is involved in regulation of
apoptosis, it is difficult to obtain one clear conclusion from literature, which suggests the
complexity of phosphorylation events during apoptosis. First notion of phosphorylation
being involved in apoptosis was that cells undergo apoptosis without new protein
synthesis after treatment with phosphatase inhibitors or kinase inhibitors (134, 135).
However, diversity of both kinases and phosphatases, in combination with their
modulating proteins regulated by various cellular inputs, emphasizes importance of
understanding phosphorylation events at the level of individual protein in complex
networks of the apoptotic process. For example, some tyrosine kinases, such as v-abl,
protect cells from apoptosis (136-138). On the other hand, lack of the tyrosine
phosphatase CD45 in B-cells increased apoptosis (139). Also, while protein kinase C
(PKC) a, 3, , and t are anti-apoptotic (97-99, 140-143), isozymes 0, p and 6 are pro-
apoptotic (144-150). Particularly, nuclear translocation of PKC 6 during early apoptosis
(151) is interesting since alterations in phosphorylation of nuclear proteins may lead to
apoptotic features in nucleus. Also, cAMP-dependent protein kinase (PKA) type I is
suggested as an anti-apoptotic kinase (93-96) based on its phosphorylation of Bad (152),
whereas type II is considered pro-apoptotic (153, 154). Role of Akt and mitogen-
activated protein kinase (MAPK) in apoptosis seems consistent. Anti-apoptotic functions
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of Akt have been demonstrated by its activity to phosphorylate Bad (123-125), caspase-9
(126), and IKK-a (127, 128). In MAPK family, while p38 MAP kinase and c-Jun N-
terminal kinase (JNK) activated by ligation of tumor necrosis factor receptors are pro-
apoptotic, ERK is an anti-apoptotic kinase (155-157). However, categorization is only
general since apoptosis is a complex process and other cellular stimuli or modulating
factors need to be considered. More precisely, it is likely that altered activity of kinases
seems to cause apoptosis. As described above, key events during apoptosis induced by
tumor necrosis factor-a involves activation of initiator caspases resulting from local
concentration via protein-protein interactions (21, 32). Assuming that altered
phosphorylation leads to apoptosis through caspases, phosphorylation may modulate
activation of caspases via regulation of interactions with their known or unknown
interacting partners. Alternatively, altered phosphorylation may trigger caspase-
independent or complementary apoptotic pathways (158). Phosphorylation also alters
susceptibility of proteins to cleavage (159) and cleavage regulates kinase activity as well
(160). Apoptotic cells demonstrate cytoskeletal changes. Cytoskeletal components are,
accordingly, potential candidates regulated by phosphorylation during apoptosis (161).
For instance, vimentin is known to be hyperphosphorylated in response to apoptotic
agents (162, 163). Tumor necrosis factor and okadaic acid increased the phosphorylation
level of hsp-27 (158, 164) and nucleolin (158). In addition to structural proteins, other
unknown phosphoproteins, whose alterations result in apoptotic changes, may be
regulated during apoptosis. Presently, phosphoproteomics information of HT-29 cells at
the global level is not available. In this thesis project, phosphoproteomics approach was
adopted to monitor phosphorylation states of various proteins during early apoptosis.
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1.8. PROTEOMICS APPROACHES TO IDENTIFY PHOSPHOPROTEINS
Tremendous progress in the development of mass spectrometry instrumentation
along with completion of genome sequencing and efforts in the Bioinformatics field
enabled the present proteomics research. Gygi et al. (165) reported that expression level
of proteins cannot be predicted from mRNA expression, emphasizing complementary
information from proteomics in addition to genomics data. Traditional proteomics adopts
one or two-dimensional electrophoresis to separate complex protein mixtures followed by
in-gel digestion of each spot for subsequent protein identification by mass spectrometry
(166). Challenges in identifying low-abundance proteins from 2D gel led to fractionation
of complex mixtures by multiple chromatography (167). These approaches mainly
provide information of protein identification. Since functions of proteins are regulated
via interactions and modifications, techniques to measure posttranslational modifications,
such as phosphorylation, acetylation, glycosylation, cleavage, and to identify their
interacting partners have been developed in 'functional proteomics' field (168).
Particularly, methods to identify phosphoproteins have been intensively developed to
overcome disadvantages of their identification (169, 170). In general, phosphopeptides,
especially, from low-abundance signaling proteins, are difficult to detect in a complex
mixture containing non-phosphorylated peptides, which raises the issue of limited
dynamic range and suppression effects. These challenges led researchers to develop
methods to enrich phosphoproteins or phosphopeptides. Enrichment of phosphoproteins
using phospho-specific antibodies (166, 171, 172), enrichment of phosphopeptides after
chemical modification and subsequent labeling (173, 174), and isolation of
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phosphopeptides by precursor ion scanning in mass spectrometry analysis (175-180) have
been introduced. In the present thesis, a method to enrich phosphopeptides, Immobilized
Metal Ion Affinity Chromatography (IMAC) (181-189), was adopted to identify
phosphopeptides and to monitor phosphopeptides potentially regulated during the early
apoptotic process. Intrinsic challenges still exist in studying phosphopeptides even with
enrichment. Some modified peptides are unstable, resulting in decay during ionization or
fragmentation. Also, low sequence coverage may not provide sufficient information to
localize phosphorylation sites. In addition to identification, quantitation of peptides in a
complex mixture presents another difficulty. Our results and challenges will be discussed
in Chapter 4.
1.9. HT-29 CELL LINE
HT-29 cell line is a human colon epithelial adenocarcinoma cell line established
from a Caucasian female (information from American Type Culture Collection; ATCC).
This cell line was chosen for DARPA MIT Bio-Info-Micro project as a model system to
investigate cell decision processes between survival and death. HT-29 cell line is
responsive to both tumor necrosis factor-a and insulin, showing characteristics of both
type I and II apoptotic pathways, which means that the cleavage of caspase-8, -9, and -3
was observed.
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1.10. RESEARCH GOALS
1.10.1. Nitric oxide-mediated signal as an anti-apoptotic factor to regulate the activation
of an upstream caspase, caspase-9, was investigated. The effects of chemical reagents
altering cellular level of nitric oxide on both apoptosis and the activation of caspases
were examined. A novel protein modification, S-nitrosation, in procaspase-9 was
visualized and its regulation in responses to diverse cellular stimuli was demonstrated.
1.10.2. In order to understand part of cell decision processes between death and survival,
the effect of a survival agent, insulin, on an indicator of apoptosis, cleavage of caspases,
was investigated. Also, regulatory mechanisms by insulin were examined focusing on
interaction of an initiator, procaspase-9, and an anti-apoptotic molecule, XIAP.
1.10.3. Phosphorylation regulates functions and interactions of proteins, modulating
cellular signaling networks. During apoptosis, a programmed cell death, both
phosphorylation and dephosphorylation occur in signaling pathways, leading to one
outcome, dismantling cells. Focusing on early apoptosis, phosphorylation states of
proteins were detected at global level using phosphoproteomics techniques.
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Chapter 2. S-NITROSATION REGULATES THE ACTIVATION OF
ENDOGENOUS PROCASPASE-9 IN HT-29 CELLS
46
2.0. ABSTRACT
Nitric oxide-mediated signals have been suggested to regulate the activity of
caspases negatively, yet literature has provided little direct evidence. We show in this
thesis that cytokines and nitric oxide synthase (NOS) inhibitors regulate S-nitrosation of
an initiator caspase, procaspase-9, in a human colon adenocarcinoma cell line, HT-29. A
NOS inhibitor, NG-methyl-L-arginine (NMA), enhanced the tumor necrosis factor-a
(TNF-a)-induced cleavage of procaspase-9, procaspase-3, and poly-(ADP-ribose)
polymerase (PARP) as well as the level of apoptosis. NMA, however, did not affect the
cleavage of procaspase-8. These results suggest that nitric oxide regulates the cleavage
of procaspase-9 and its downstream proteins and, subsequently, apoptosis in HT-29 cells.
Labeling S-nitrosated cysteines with a biotin tag enabled us to reveal S-nitrosation of
endogenous procaspase-9 that was immunoprecipitated from the HT-29 cell extracts.
Furthermore, the treatment with TNF-a as well as NOS inhibitors decreased IFN-y-
induced S-nitrosation in procaspase-9. Results in this thesis show that S-nitrosation of
endogenous procaspase-9 occurs in the HT-29 cells under normal conditions and that
denitrosation of procaspase-9 enhances its cleavage and consequent apoptosis. We,
therefore, suggest that S-nitrosation regulates the activation of endogenous procaspase-9
in HT-29 cells.
47
2.1. INTRODUCTION
A family of cysteine-containing aspartate-specific proteases (caspases) is a key
operator in the apoptotic process (1, 2). Based on molecular ordering, apoptotic caspases
are generally categorized into initiator (e.g., caspase-8, -9) and executioner (e.g., caspase-
3, -6, -7) caspases (3, 4). Inactive procaspases, existing as latent zymogens under normal
conditions, become cleaved into their active forms composed of two large subunits and
two small subunits either autocatalytically or via other activated caspases during
apoptotic signaling pathways (4). In a death receptor mediated apoptotic pathway,
binding of tumor necrosis factor-a (TNF-a) to its cognate receptor triggers a cascade of
protein-protein interactions, forming a death inducing signaling complex (DISC) (5).
Procaspase-8 becomes recruited to DISC (6-9) and undergoes autocleavage due to its
increased local concentration, which is explained by a proximity-induced model (10). In
type I cells, a large amount of activated caspase-8 directly cleaves executioner caspases
such as caspase-3 (3, 11, 12). On the other hand, a lower level of caspase-8 formed in
type II cells leads to further downstream events that mediate the release of cytochrome c
from mitochondria into cytosol (13-17), which in turn activates another initiator caspase,
procaspase-9 (18, 19). In the presence of cytochrome c and dATP (20, 21), apoptotic
protease-activating factor-i (Apaf-1) binds to procaspase-9 via a caspase activation
recruitment domain (CARD) (22), forming a complex called the apoptosome (20, 21, 23-
27). In the apoptosome, caspase-9 is activated to process other downstream caspases
including caspase-3 (19, 28-30). Active executioner caspase-3 can further cleave
downstream substrates involved in apoptotic changes (31-37), such as poly-(ADP-ribose)
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polymerase (PARP) (38). Likewise, the cleavage of procaspases, an irreversible
posttranslational modification, has been used as an indicator of apoptosis. On the other
hand, reversible modifications, such as phosphorylation (39, 40) or S-nitrosation (41-47),
have been implied to inactivate procaspases, although only a few reports on direct
identification of these modifications in endogenous procaspases are available.
Considering that caspases are key mediators of the apoptotic process, identifying any
regulatory modifications of these proteases is crucial to elucidate mechanisms of cellular
balancing between survival and death.
The role of nitric oxide in apoptosis has been controversial and multi-faceted.
Thus, depending on not only cell types but also concentration and duration of nitric oxide
produced, nitric oxide can function as either a pro- or anti-apoptotic factor (48-50). The
general consensus is that normal levels of nitric oxide protect cells whereas abnormal
production of nitric oxide results in cell death. Also, nitric oxide-induced S-nitrosation of
proteins, including receptors (51-53), kinases (54), G-proteins (55-57), redox regulatory
proteins (58), transcription factors (59-61), and extracellular matrix proteins (62), has
been reported as a regulatory modification in cell signaling pathways (63, 64) including
the apoptotic process. S-nitrosation of caspases has also been suggested to decrease their
activity or cleavage in diverse cell types treated with nitric oxide donors or nitric oxide
synthase inhibitors, although these studies did not directly demonstrate S-nitrosation (41-
47, 65, 66). On the other hand, S-nitrosation of recombinant active caspase-3 treated
with a nitric oxide donor, S-nitroso-N-acetyl-penicillamine (SNAP), was identified by
electrospray ionization mass spectrometry (ESI-MS) (67). This report, however, raises
the issue of relevance to endogenous caspases in the cells and did not characterize the
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modification site. Nitrosation of the active-site cysteine in endogenous procaspase-3 and
its denitrosation through Fas signaling were observed in various immune cells by using
photolysis chemiluminescence (68). Also, the relation of S-nitrosation to cellular
localization of procaspase-3 was addressed (69). These reports applied more direct
methods to endogenous procaspase-3 compared to previous literature. One concern is
that they used the whole immunoprecipitates of procaspases and, therefore, it is possible
that S-nitrosation could be detected also from other proteins precipitated with procaspase-
3.
Combining the separation of the components precipitated with procaspase-9 by
molecular weight and a labeling method for S-nitrosated cysteine, we were able to
visualize S-nitrosation of endogenous procaspase-9. Furthermore, nitric oxide synthase
inhibitors and a death signal decreased S-nitrosation of procaspase-9. These results
suggest that denitrosation of endogenous procaspase-9 enhances its cleavage and
consequently apoptosis.
50
2.2. EXPERIMENTAL PROCEDURES
2.2.1. Cell culture and chemical treatment
Human colon epithelial adenocarcinoma cell line, HT-29 (provided from the Peter
Sorger lab in the MIT Biology Department), was maintained in McCoy's 5A medium
(Life Technologies, Grand Island, NY) supplemented with 10% fetal bovine serum and
L-glutamine (Life Technologies) at 37°C under 5% CO2. Cells were seeded onto culture
plates at a density of 5x104/cm2 and grown for 24 hours. Then, 200 U/ml of interferon-y
(IFN-) (Roche Applied Science, Indianapolis, IN) was applied for 24 hours to sensitize
the cell line to death signals (70, 71), followed by treatment with 50 ng/ml of tumor
necrosis factor-a (TNF-a) (Peprotech, Rocky Hill, NJ) for the indicated hours. Cells
were co-treated with TNF-a and nitric oxide inhibitors, NG-methyl-L-arginine (NMA)
(Sigma, St. Louis, MO), 1400w, L-N5-(1-Iminoethyl)-ornithine, and L-thiocitrulline
(CalBiochem, San Diego, CA), while S-nitrosoglutathione (Sigma) was applied for 2
hours before TNF-a treatment. In the Biotin Switch Method, cells were treated with
NMA or 1400w for 4 hours following 24 hours of IFN-y treatment.
2.2.2. Cell death assay
Apoptosis was measured with cell death detection ELISA plus (Roche) according
to the manufacturer's instruction. Briefly, cell lysates equivalent to 103 cells were
incubated with both anti-histone antibody labeled with biotin and anti-DNA antibody
conjugated with peroxidase in streptavidin-coated microplates for two hours. Microplate
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wells were washed and incubated with substrates for colorimetric measurement at
wavelength 405 nm with reference at 490 nm.
2.2.3. Western blotting
Cells lysates were prepared in lysis buffer (20 mM Tris-HCl, 150 mM NaCI, 1
mM EDTA, 1 mM EGTA, 1% Triton, 0.5% Igepal, 2.5 mM sodium pyrophosphate, 1
mM f3-glycerophosphate, 1 mM sodium vanadate, 1 ag/ml leupeptin, 1 gg/ml bestatin, 1
mM PMSF) and centrifuged at 14,000 g for 30 minutes. Total protein concentration in
the supernatant was measured by the bicinchoninic acid (BCA) protein assay (Pierce
Biotechnology, Rockford, IL). Equal amounts of proteins were then separated in 15%
Tris-HCl gel (Bio-Rad Laboratories, Hercules, CA) except 10% gel for poly-(ADP-ribose)
polymerase (PARP) by using Bio-Rad mini sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) system and transferred onto a PVDF membrane. The
membrane was blocked in TBS buffer (20 mM Tris-HCl, 150 mM NaCl) with 0.1%
Tween-20 and 5% non-fat milk and then incubated with a primary antibody at 4 °C
overnight. Anti-mouse caspase-8 antibody, anti-rabbit cleaved caspase-9 antibody, anti-
rabbit cleaved caspase-3 antibody (Cell Signaling Technology, Beverly, MA), anti-mouse
PARP antibody, anti-mouse caspase-9 antibody, and anti-mouse Apaf-1 antibody (BD
Bioscience, San Jose, CA) were used as primary antibodies. After washing with TBS
buffer with 0.1% Tween-20, the membranes were incubated in the blocking buffer with
secondary anti-IgG antibody conjugated with horseradish peroxidase (Pierce
Biotechnology) for an hour. The membranes were then developed with supersignal West
Femto substrate (Pierce Biotechnology).
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2.2.4. Immunoprecipitation
50 l of polyclonal anti-rabbit procaspase-9 antibody (BD bioscience) was
immobilized onto 150 pl of Aminolink plus coupling gel beads (Pierce) according to the
manufacturer's instruction and stored in the same volume of phosphate buffered saline.
For control beads, normal rabbit serum was immobilized under the same conditions. Cell
lysates containing 5 mg of total protein were incubated with 20 l of the immobilized
antibody at 4°C overnight. After centrifugation, the supernatant was removed and the
beads were washed with TBS buffer containing 0.1% Igepal and 3-[(3-
Cholamidopropyl)dimethylammonio]-l-propanesulfonate (Sigma) extensively. Bound
proteins were eluted by 0.1 M of glycine (pH 2.9) and immediately neutralized with
ammonium hydroxide.
2.2.5. Detection of S-nitrosation by the Biotin Switch Method
The procedure was performed according to the protocol by Jeffrey and Snyder (72,
73). Briefly, eluates of procaspase-9 immunoprecipitation and rabbit muscle creatine
phosphokinase (Sigma) as controls were, respectively, incubated with 20 mM methyl
methanethiosulfonate (MMTS) (Sigma) followed by acetone precipitation. Precipitates
were centrifuged and resuspended in HENS buffer (25 mM Hepes-NaOH, 0.1 mM EDTA,
0.01 mM neocuproine, and 1% SDS) and then incubated with 1 mM ascorbic acid and 4
mM N-[6-(biotinamido) hexyl]-3'-(2'-pyridyldithio) propionamide (biotin-HPDP)
(Pierce Biotechnology) for one hour. Since biotin-HPDP is cleavable under the reducing
conditions, prepared samples were loaded onto SDS-PAGE gels without dithiothreitol.
Biotinylated samples were then detected by blotting as described above except that 3%
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bovine serum albumin was used in the blocking buffer instead of non-fat milk, incubation
with primary antibody was omitted due to the biotin labeling, and Neutravidin conjugated
with horseradish peroxidase (Pierce Biotechnology) was used instead of secondary
antibody. If necessary, each membrane was reprobed with anti-mouse caspase-9
antibody by Western blotting.
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2.3. RESULTS
2.3.1. NG-methyl-L-arginine enhanced the TNF-a-induced apoptosis of HT-29 cells
Treatment with the nitric oxide synthase (NOS) inhibitor, NG-methyl-L-arginine
(NMA), enhanced the level of apoptosis induced by TNF-a at 24 hour point (Figure 2-
1A). Also, treatment with NMA alone induced apoptosis of IFN-y-sensitized cells. The
cell death assay detects only the end point of apoptosis, so we did not observe significant
increases of cell death at earlier time points. Our results demonstrated that blocking the
production of nitric oxide enhanced the effect of a death signal, suggesting in turn that
endogenously produced nitric oxide can protect cells. Next, we examined the effects of a
nitric oxide donor, S-nitrosoglutathione (GSNO), on apoptosis. We used GSNO since it
is a more likely endogenous nitric oxide donor in the cells than other agents. Treatment
with GSNO decreased the induction of apoptosis by TNF-a and/or NMA, but did not
show statistical significance (Figure 2-1B). The partial inhibitory effect by GSNO could
result from its poor permeability into the cells. Another NOS inhibitor, 1400w, also
enhanced the TNF-a-induced apoptosis (Figure 2-1C).
2.3.2. Nitric oxide synthase inhibitors enhanced the TNF-a-induced cleavage of
caspases.
Figure 2-2 shows that co-treatment with NMA and TNF-a enhanced the cleavage
of procaspase-9, -3, and PARP compared to the treatment with TNF-a alone at both 8
and 24 hour time points. However, co-treatment with NMA did not affect the cleavage of
procaspase-8. Procaspase-3 and PARP are well-known downstream substrates of
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caspase-9 and -3, respectively, meaning that their cleavage can represent the activity of
upstream enzymes. Therefore, NMA treatment up-regulated both the cleavage and
activity of caspase-9 and -3. Treatment with NMA alone induced the cleavage of
procaspase-9 in IFN-y-sensitized cells (data not shown). These observations suggest that
nitric oxide-mediated signals act on the downstream events of caspase-8, which include
the activation of procaspase-9. Also, other NOS inhibitors, i.e., 1400w, L-N5-(1-
Iminoethyl)-omithine, and L-thiocitrulline, enhanced the cleavage of procaspase-9 by
TNF-a (data not shown). In addition, pretreatment with S-nitrosoglutathione (GSNO) as
a nitric oxide donor decreased the cleavage of procaspase-9, -3, and PARP by TNF-a,
again not affecting procaspase-8, and reversed the effect of NMA to enhance the cleavage
of procaspase-9, -3, and PARP by TNF-a (data not shown).
2.3.3. The Biotin Switch Method visualized S-nitrosation of procaspase-9.
The results mentioned above indicated that altering the level of cellular nitric
oxide by using nitric oxide-related chemicals affected the cleavage of caspases as well as
the level of apoptosis. Nitric oxide-mediated signals thus are apparently involved in
regulating the cleavage of procaspase-9 and its downstream proteins and consequent
apoptosis. Previous reports have implicated S-nitrosation of caspases as a negative
regulatory modification (41-47). Since caspase-9 is an upstream caspase and its cleavage
was enhanced by the treatment with NOS inhibitors, we focused on visualizing S-
nitrosation of endogenous procaspase-9 by using a more direct tool, the Biotin Switch
Method (72, 73). Due to the process of biotin labeling and lack of reducing agents in the
sample loading buffer for electrophoresis, bands of blotting after the Biotin Switch
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Method tend to show more streaking and bending during electrophoresis than usual
Western blotting bands. We applied this method to the procaspase-9 immunoprecipitates
from the cell extracts of HT-29 cell line pretreated with IFN-y. IFN-y is known to up-
regulate apoptosis-related genes in our cell line (74), so we used this cytokine to increase
the level of low-abundance apoptotic proteins such as procaspase-9. Protein bands
representing S-nitrosation appeared at the size of procaspase-9 (47kDa) and higher
molecular weight (Figure 2-3A, left), which was shown to be a complex of procaspase-9
formed during the immunoprecipitation process, most likely via disulfide bonds (data not
shown). Reprobing the membrane in the left column of Figure 2-3A with caspase-9
antibody showed that bands of S-nitrosation corresponded to those of procaspase-9
(Figure 2-3A, right). Cross reactivity of the antibody was not detected in Western
blotting of procaspase-9 following its immunoprecipitation (Figure 2-3B). Also,
pretreatment of the procaspase-9 immunoprecipitates with ascorbic acid before the Biotin
Switch Method, to reduce S-nitrosated cysteines (72, 73), resulted in weaker or no S-
nitrosation than the un-pretreated sample (Figure 2-4A). In addition, no S-nitrosation
was visible without the biotin tag (Figure 2-4B). These results indicated that combining
immunoprecipitation and the Biotin Switch Method enabled us to visualize S-nitrosation
of procaspase-9. There was a possibility that procaspase-9 formed complexes with other
proteins and S-nitrosation in higher molecular weight could result also from those
proteins. Accordingly, we detected Apaf-l, the only protein known to bind to the
proform of caspase-9, forming the apoptosome during the apoptotic process (20, 21, 23-
27). Dithiothreitol, which was not present in the sample loading buffer to maintain the
cleavable biotin tag intact, was used in lane 2, 4, and 6 to reduce disulfide bonds that may
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have occurred during the immunoprecipitation step. Apaf-1 was detected in the original
cell extracts. However, as expected, it did not co-immunoprecipitate with procaspase-9
since the cells were not stimulated with apoptotic agents (Figure 2-4C). To avoid the
possibility of artificial S-nitrosation by acidified nitrite during elution from the antibody,
immunoprecipitates were extensively washed to remove possible nitrite from cell extracts.
Also, a control experiment with creatine phosphokinase under the same conditions as that
with procaspase-9 showed that elution condition did not affect the level of S-nitrosation.
In summary, we could demonstrate S-nitrosation of endogenous procaspase-9 by using
immunoprecipitation and the Biotin Switch Method.
2.3.4. Nitric oxide synthase inhibitors and an apoptotic agent decreased S-
nitrosation of procaspase-9, which was enhanced by IFN-y treatment.
Since NOS inhibitors enhanced the TNF-a-induced cleavage of procaspase-9, we
separated the effects of NOS inhibitors and TNF-at. Since the Biotin Switch Method is
not quantitative, we normalized the density of the S-nitrosation band to that of the
procaspase-9 band reprobed with caspase-9 antibody to compare the effects of different
chemicals. Compared to untreated cells, treatment with IFN-y enhanced S-nitrosation of
procaspase-9, which was decreased by both NMA and 1400w (Figure 2-5). These results
suggest that S-nitrosation of procaspase-9 may be regulated by a NOS induced by IFN-.
The other interesting observation is that we could visualize S-nitrosation of procaspase-9
in the untreated cells, suggesting that a constitutive level of S-nitrosation may protect
cells. In addition, S-nitrosation of procaspase-9 was decreased at the 12-hour point of the
incubation with TNF-a (Figure 2-6, BSM/blot). At the same time, we also observed the
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cleaved forms of caspase-9, -3, and PARP, whereas the level of Apaf-1, the activator of
caspase-9, was not changed (Figure 2-6). Western blotting of procaspase-9 did not reveal
a significant change, implying that only a small fraction of procaspase-9 becomes cleaved
by TNF-a (Data not shown). These results suggest that TNF-a leads to denitrosation of
procaspase-9, promoting its cleavage.
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2.4. DISCUSSION
2.4.1. Comparison of our data and previous literature-meaning of our results
TNF-a induces apoptosis through its receptor-mediated signaling pathway, in
which upstream caspases, caspase-8 and -9, and a downstream executioner, caspase-3,
become activated via cleavage. Considering that these caspases are key mediators of
apoptosis, endogenous regulatory mechanisms, such as posttranslational modifications,
for their activation must be crucial in maintaining the cellular balance. An anti-apoptotic
role of nitric oxide via a posttranslational modification, S-nitrosation, of proteins
including caspases has been suggested. Procaspase-3 has been the major target for the
detection of endogenous S-nitrosation (68). Also, S-nitrosation was detected in
recombinant procaspase-8 added to hepatocyte lysates (43), whereas our results show that
the application of a NOS inhibitor, NMA, did not affect the cleavage of endogenous
procaspase-8 in HT-29 cells. On the other hand, nitric oxide synthase inhibitors
enhanced the TNF-a-induced cleavage of an upstream initiator, procaspase-9, which led
us to focus on visualizing its S-nitrosation. We were able to detect S-nitrosation of
endogenous procaspase-9 from HT-29 cell extracts by combining immunoprecipitation
and labeling endogenously nitrosated cysteine (s). Our data also demonstrated that NOS
inhibitors not only enhanced the TNF-a-induced cleavage of procaspase-9, but also
decreased S-nitrosation of procaspase-9 based on the Biotin Switch Method.
Furthermore, treatment with TNF-a decreased S-nitrosation of procaspase-9, while it
induced the cleavage of procaspase-9 and apoptosis. These results demonstrate that
TNF-a triggers the cleavage of procaspase-9 via its denitrosation and imply that
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denitrosation is part of the regulatory mechanism during the apoptotic process (Figure 2-
7). Also, procaspase-9 was S-nitrosated in untreated cells, which suggests that nitric
oxide-mediated signals may constitutively protect HT-29 carcinoma cells via S-
nitrosation of procaspase-9.
2.4.2. Procaspase-9 might be compartmentalized with a nitric oxide synthase
Since treatment with IFN-y enhanced S-nitrosation, an important question is
which NOS regulated by IFN-y is involved in increasing S-nitrosation of procaspase-9.
IFN-y-dependent expression of inducible nitric oxide synthase (iNOS) has been observed
in diverse cell types (75, 76). Particularly, co-treatment with IL-la and IFN-y increased
the gene expression of iNOS in HT-29 cells (77). We thus examined the level of iNOS
protein as well as the alteration of S-nitrosation of procaspase-9 by these cytokines.
iNOS was detected by Western blotting in the cells treated with both IL- 1 a and IFN-y for
24 hours, but not with each cytokine alone (data not shown). Also, we could detect
neither neuronal nor endothelial nitric oxide synthase, although potential inhibitors of
nNOS and eNOS enhanced the cleavage of procaspase-9 by TNF-a (data not shown).
Our inability to detect a NOS by Western blotting suggests that the source of nitric oxide
may come from a very low level of a NOS compartmentalized with procaspase-9. Such
compartmentalization could also explain why S-nitrosoglutathione only partially reversed
the effects of NMA on apoptosis (Figure 2-lB) possibly due to the limited accessibility of
GSNO to a location of procaspase-9 and its instability due to the reactivity inside of the
cells. Recent research has attempted to identify a new NOS isoform in mitochondria (77-
82). Whether a NOS exists in mitochondria of HT-29 cells is not known, but it could be
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a candidate for S-nitrosation of procaspase-9 in our cell line. The problem of identifying
a regulatory NOS isoform is thus also related to the cellular localization of both proform
and cleaved form of caspase-9. Mannick and colleagues have attempted to answer this
question (69), concluding that S-nitrosation of procaspase-3 did not affect its localization,
although a larger fraction of caspase-3 and -9 was S-nitrosated in mitochondria than in
cytosol. This conclusion implies that S-nitrosation of procaspase-3 and -9 occurs in the
mitochondria. They also reported heme-nitrosation of cytochrome c (83), further
supporting a role of a mitochondrial NOS in the regulation of apoptosis. Recently, nitric
oxide-dependent interaction of procaspase-3 and nitric oxide synthases was also reported,
which provides additional confirmation that co-localization of procaspase and nitric oxide
synthase is likely and that S-nitrosation is regulatory mechanism of apoptosis
{Matsumoto, 2003 133 /id}. Therefore, the identification of a NOS in mitochondria and
its relation to S-nitrosation of proteins will provide important information on the
regulation of apoptosis. The present limitation is lack of a specific antibody to detect
mitochondrial NOS. Antibodies to three pre-existing NOS isoforms have been used to
detect mitochondrial NOS (78, 80, 81), but other investigators have failed to confirm
these results (82).
2.4.3. Intracellular nitrosating agents and mechanism of denitrosation?
Characterization of intracellular nitrosating agents as well as the mechanism of
protein denitrosation remains as important questions. We used NOS inhibitors to block
the sources of cellular nitrosating agents. N203 and nitrosated thiols originating from
nitric oxide have been suggested as nitrosating agents (63, 64, 84), but the actual
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mechanism is not fully understood. Our results show that TNF-a triggers a signaling
pathway that leads to denitrosation. Similarly, another death signal, Fas ligand, reduces
S-nitrosation of procaspase-3 measured by photolysis chemiluminescence (68).
Therefore, death signals seem to cause denitrosation, but the molecules or steps involved
in the mechanism of denitrosation remain to be characterized. The level of Apaf-1, an
activator of procaspase-9, was not affected by TNF-a treatment, while procaspase-9
became cleaved. Denitrosation may promote the interaction of procaspase-9 with Apaf- 1
via conformational change. Recently, S-nitrosation of thioredoxin, a redox regulator, was
reported as an anti-apoptotic mechanism (58). In addition, thioredoxin was shown to
prevent monomerization and loss of activity of endothelial NOS induced by exogenous
nitric oxide (85). These results suggest that molecules such as thioredoxin could either
mediate nitrosation or denitrosation.
2.4.4. Present methodology and its limitation
Due to limitations in techniques, direct identification of S-nitrosation in proteins
has been difficult. Currently, the Biotin Switch Method (72, 73) is the best technique to
visualize the modification, although this method does not provide quantitative
information. S-nitrosation sites in proteins have also been deduced from mutations of
cysteine moieties, particularly, active site cysteines. In these types of experiments,
protein activity or interactions were measured after the mutations, but the modification
sites have not been identified directly. We have been focusing on the direct identification
of S-nitrosation sites in endogenous procaspase-9 using mass spectrometry with the
challenge of detecting a potential modification site of a peptide in a low-abundance
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protein. We have developed an analytical method to enrich S-nitrosated peptides. In this
method, we could isolate a synthetic peptide labeled with a cleavable biotin tag by using
microcapillary streptavidin column followed by alkylation of free cysteine for mass
spectrometry analysis. However, application of this method to exogenously nitrosated
proteins demonstrated difficulties most likely due to limit of detection resulting from
low-efficient nitrosating reaction and sample loss during the procedure.
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2.5. SUMMARY
Using a biotin labeling method combined with immunoprecipitation, we were
able to visualize S-nitrosation of endogenous procaspase-9 in the HT-29 cell line. We
suggest that nitric oxide-mediated signals induced by IFN-y protect cells from apoptosis,
via S-nitrosation of procaspase-9, which then is removed during the apoptotic process
induced by TNF-a as outlined in Figure 2-7. S-nitrosation could be a major negative
regulatory mechanism to explain the role of nitric oxide in protecting cells from apoptosis.
Also, denitrosation could be one of apoptotic events induced by TNF-a to speed up the
cleavage of procaspase-9.
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Figure 2-1. The effects of nitric oxide synthase inhibitors on the level of apoptosis induced
by TNF-a. The apoptotic level was measured by ELISA assay for cytosolic histone-associated
DNA fragment. Panel A: Cells were treated with 50 ng/ml of TNF-a and/or 5 mM of NMA
for the indicated hours following treatment with 200 U/ml of IFN-y for 24 hours. Panel B:
Cells were treated with 50 ng/ml of TNF-a and/or mM of NMA for 24 hours and, in some
cases, pretreated with 100 M of GSNO for two hours following treatment with 200 U/ml of
IFN-y for 24 hours. Panel C: Cells were treated with 50 ng/ml of TNF-a and/or mM of
NMA or 20gM of 1400w for 24 hours following treatment with 200 U/ml of IFN-y for 24 hours.
In all the graphs, * represents that the value is statistically significant at p < 0.01 level. +
reFiguresents the value iffects o  ns atistic xidally significant at p < 0.05 level. Statistical significance was
tested with paired Student's t test with n = 8.
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Figure 2-2. The effects of nitric oxide synthase inhibitors on the cleavage of caspases by
TNF-a. The intact and/or cleaved form of each protein was detected by Western blotting from
the cells incubated with 50 ng/ml of TNF-a and 5 mM of NMA for 8 or 24 hours following
treatment with 200 U/ml of IFN-y for 24 hours. p53/55 of caspase-8 and p116 of PARP are
their intact forms. p4 1/43 of caspase-8, p37 of caspase-9, p17/19 of caspase-3, and p85 of
PARP represent their cleaved forms. The figures represent three similar experimental results.
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Figure 2-3. The Biotin Switch Method visualizes S-nitrosation of procaspase-9.
Panel A, left: The Biotin Switch Method was applied to the procaspase-9 immunoprecipitates.
S-nitrosated proteins labeled with biotin tag were visualized by blotting with Neutravidin
conjugated with horseradish peroxidase. lane 1: cell extracts precipitated with control beads,
lane 2: cell extracts precipitated with antibody-immobilized beads, lane 3: no cell extracts
precipitated with antibody-immobilized beads, lane N: negative control, creatine phosphokinase
treated with vehicle and prepared by the Biotin Switch Method, lane P: positive control, creatine
phosphokinase treated with 1 mM SNAP and prepared by the Biotin Switch Method. Panel A,
right: Panel A, left column was reprobed with caspase-9 antibody. Panel B:
Immunoprecipitation of procaspase-9 followed by Western blotting with caspase-9 antibody.
lane 1: cell extracts precipitated with control beads, lane 2: cell extracts precipitated with
antibody-immobilized beads, lane 3: no cell extracts precipitated with antibody-immobilized
beads, lane 4: supernatant of lane 1, lane 5: supernatant of lane 2, lane 6: supernatant of lane 3.
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Figure 2-4. The confirmation of S-nitrosation in procaspase-9. Panel A: The effect of
pretreatment with ascorbic acid before the Biotin Switch Method. Left: lane 1:
immunoprecipitates of procaspase-9 pretreated with ascorbic acid before the Biotin Switch
Method, lane 2: immunoprecipitates of procaspase-9 followed by the Biotin Switch Method,
lane N: negative control, creatine phosphokinase treated with vehicle and prepared by the
Biotin Switch Method, lane P: positive control, creatine phosphokinase treated with 1 mM
SNAP and prepared by the Biotin Switch Method. Panel A, right: The left column was
reprobed with caspase-9 antibody. Panel B: The detection of biotin labeling is specific. Left:
lane 1: immunoprecipitates of procaspase-9 followed by the Biotin Switch Method without
biotin-HPDP, lane 2: immunoprecipitates of procaspase-9 followed by the Biotin Switch
Method with biotin-HPDP, lane N: negative control, creatine phosphokinase treated with
vehicle and prepared by the Biotin Switch Method, lane P: positive control, creatine
phosphokinase treated with 1 mM SNAP and prepared by the Biotin Switch Method. Panel B,
right: The left column was reprobed with caspase-9 antibody. Panel C: Apaf-I was not
precipitated with procaspase-9. Apaf-l was detected by Western blotting. lane 1:
immunoprecipitates of procaspase-9 followed by the Biotin Switch Method and loaded onto
electrophoresis gel without dithiothreitol, lane 2: immunoprecipitates of procaspase-9 followed
by the Biotin Switch Method and loaded onto electrophoresis gel with dithiothreitol, lane 3:
immunoprecipitates of procaspase-9 loaded onto electrophoresis gel without dithiothreitol, lane
4: immunoprecipitates of procaspase-9 loaded onto electrophoresis gel with dithiothreitol, lane
5: cell extracts without dithiothreitol, lane 6: cell extracts with dithiothreitol.
77
rnrrrrrn OR
anmm RUN
4.5
4
3.5
a,
a"
QC
3-
2.5 -
2-
1.5 -
1-
0.5
0-
ro Control _
* INF-G
* INF-G+NOSI
1 2
Figure 2-5. The effects of nitric oxide synthase inhibitors on S-nitrosation of procaspase-9.
The Biotin Switch Method was applied to immunoprecipitates of procaspase-9 followed by
blotting of biotin labeled proteins. Graph shows the relative level of S-nitrosation in procaspase-
9. The density of S-nitrosation measured by using Scion Image software (Scion Corporation,
Frederick, Maryland) was normalized to that of the procaspase-9 band from Western blotting.
Control: no treatment, INF-G: 200 U/ml of IFN-y, IFN-G+NOSI: 200 U/ml of IFN-y with 5 mM
of NMA (1, the left of the graph) or 20pM of 1400w (2, the right of the graph).
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Figure 2-6. The effect of TNF-ot on S-nitrosation of procaspase-9. BSM/blot: The Biotin
Switch Method was applied to immunoprecipitates of procaspase-9 from HT-29 cells treated
with TNF-a for the indicated hours following the treatment with 200 U/ml of IFN-y. The rest
of blots: The intact and/or cleaved forms of each protein were detected by Western blotting
from the cells incubated with 50 ng/ml of TNF-a for the indicated hours following the
treatment with 200 U/ml of IFN-y.
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Figure 2-7. A scheme of the regulation of procaspase-9 by cytokines. TNF- , tumor necrosis
factor- ; IFN- , interferon- ; Cyt c, cytochrome C; Apaf-1, apoptotic protease-activating factor-1;
NOS, nitric-oxide synthase; NO, nitric oxide; SNO, S-nitroso; SH, sulfhydryl.
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Chapter 3. THE INHIBITORY EFFECTS OF INSULIN
ON THE ACTIVATION OF PROCASPASE-9
VIA X-CHROMOSOME LINKED INHIBITOR OF APOPTOSIS PROTEIN
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3.0. ABSTRACTS
Insulin significantly reduced the tumor necrosis factor-a (TNF-a)-induced
cleavage of procaspase-8, -9, -3, and poly-(ADP-ribose) polymerase when observed up to
24 hours and in a dose-dependent manner. Signaling pathways responsible for the
inhibitory effects of insulin were investigated by using protein kinase inhibitors. Both
phosphatidylinositol-3 kinase (PI-3K) and mitogen-activated protein kinase kinase
(MAPKK) pathways mediate the ability of insulin to decrease the TNF-a-induced
cleavage of procaspase-8. In contrast, only the PI-3K inhibitor reversed the effect of
insulin on the TNF-a-induced cleavage of procaspase-9. Moreover, insulin decreased the
apoptotic level induced by TNF-a, while the PI-3K inhibitor enhanced it. The protein
level of Apaf-1, an activator of procaspase-9, remained constant with the application of
agents affecting the cleavage of procaspase-9. In examining a known regulator of
cleaved caspase-9, X-chromosome-linked inhibitor of apoptosis (XIAP), we observed
that TNF-a treatment induced fragmentation of XIAP, which was also enhanced by the
PI-3K inhibitor. In addition, XIAP was co-immunoprecipitated with procaspase-9. The
treatment with TNF-a reduced the level of XIAP precipitated with procaspase-9, whereas
insulin reversed this effect. Moreover, PI-3K and Akt inhibitors, but not mTOR inhibitor,
inhibited the effect of insulin on the co-precipitation of procaspase-9 and XIAP. Our data
suggest that insulin decreases the TNF-a-induced cleavage of procaspase-9 and
subsequent apoptosis by regulating XIAP via the PI-3K/Akt pathway.
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3.1. INTRODUCTION
Apoptosis plays an essential physiological role in development and immune
defense system by removing unnecessary or harmful cells (1, 2). Cysteine-containing
aspartate-specific proteases (caspases) including initiator (e.g., caspase-8, -9) and
executioner (e.g., caspase-3, -6, -7) caspases (3, 4) are key mediators of apoptosis (5, 6).
Triggered by apoptotic signals such as death receptor ligands or cellular damaging agents
(7, 8), procaspases, inactive zymogens under normal conditions, become cleaved into
their active forms (4). Binding of a death receptor ligand, tumor necrosis factor- (TNF-
a), to its receptor results in the association of the receptor with an adaptor protein, TNF
receptor-associated death domain protein (TRADD), via a death domain (DD), which
subsequently binds to Fas-associated death domain protein (FADD) (9). This association
forms a death inducing signaling complex (DISC) (10), in which procaspase-8 binds to
the FADD via a death effector domain (DED) (11-14) and becomes activated through
homolytic cleavage (15). In type I cells, active caspase-8 directly cleaves downstream
procaspase-3 (3, 16, 17), whereas a small amount of caspase-8 activated in type II cells
truncates the BH3 domain-containing proapoptotic Bc1-2 family protein (BID).
Truncated BID (tBID) may be myristoylated and consequently translocated into
mitochondrial membrane (18). The translocation of tBID induces the release of
cytochrome c into cytosol (19-23), which also occurs through cellular damaging agents (7,
8). In the presence of cytochrome c and dATP (24, 25), apoptotic protease-activating
factor-I (Apaf-1) binds to procaspase-9 via a caspase activation recruitment domain
(CARD) (26), forming an apoptosome (24, 25, 27-30), in which procaspase-9 becomes
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activated. Cleaved caspase-9 processes other downstream procaspases such as
procaspase-3 (31-34), which further cleaves downstream substrates such as poly-(ADP-
ribose) polymerase (PARP) (35), leading to apoptotic changes (36-42). Regulating the
cleavage of various caspases by survival factors, therefore, is essential for the cellular
balance between survival and death.
Survival factors such as insulin and growth factors rescue cells from apoptosis
induced by death receptor ligands (43) or DNA damaging agents (44).
Phosphatidylinositol-3 kinase (PI-3K)/Akt (43, 45-49), mitogen-activated protein kinase
(MAPK) (45, 50), focal adhesion kinase (FAK) (51), and NF-KB (52-55) become
activated to inhibit apoptosis. Also, anti-apoptotic molecules, regulated by these kinases
and thereby regulating pro-apoptotic proteins, have been studied to elucidate protective
mechanisms by survival factors. For instance, FLICE-like inhibitory protein (FLIP), a
dominant negative form of procaspase-8, has been suggested to inhibit the activation of
procaspase-8 by playing the role of its competitor (56-58). Also, Akt was reported to
phosphorylate the proform and large domain of recombinant caspase-9 in an in vitro
kinase experiment (59). X-chromosome-linked inhibitor of apoptosis protein (XIAP), a
multi-functional protein involved in cell cycle regulation, protein ubiquitination, and
receptor mediated signaling (60), is known as the most potent endogenous inhibitor of
cleaved caspase-3, -7, and -9 (61). In cell-free experiments, recombinant XIAP bound to
and inactivated the cleaved forms of caspase-3, -7, and -9 (27, 62-66). Likewise, it has
been suggested that survival stimuli tightly control the activation of caspases via
posttranslational modifications or protein-protein interactions.
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Assuming that survival factors protect cells from apoptosis by inactivating key
apoptotic mediators, caspases, via anti-apoptotic proteins, we examined the effects of a
survival factor, insulin, on the cleavage of major procaspases and a substrate, PARP.
Also, we defined an insulin kinase pathway (s) responsible for the inhibitory effects of
insulin on the cleavage of procaspases. Focusing on caspase-9, we observed that XIAP
was co-immunoprecipitated with procaspase-9 and also cleaved following TNF-a
treatment. The action of XIAP was, therefore, investigated at the level of interaction with
procaspase-9. Our results suggest that insulin decreases the TNF-a-induced cleavage of
procaspase-9 and apoptosis by regulating binding of procaspase-9 and XIAP via PI-
3K/Akt pathway.
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3.2. EXPERIMENTAL PROCEDURE
3.2.1. Cell culture and chemical treatment
Human colon epithelial adenocarcinoma cell line, HT-29 (generously provided by
the Peter Sorger lab in the MIT Biology department), was seeded with a density of
5x104/cm in McCoy's 5A medium (Life Technologies, Grand Island, NY) supplemented
with 10% fetal bovine serum and L-glutamine (Life Technologies) at 37°C in 5% CO2
incubator. 200 U/ml of interferon-y (IFN-y) (Roche Applied Science, Indianapolis, IN)
was applied for 24 hours to sensitize the cells to apoptotic agents (67, 68). Then, 50
ng/ml of tumor necrosis factor-a (TNF-a) (Peprotech, Rocky Hill, NJ) with or without
insulin (CalBiochem, San Diego, CA) was applied to the cells for the specified hours. In
some experiments, cells were pretreated with protein kinase inhibitors, LY 294002, PD
98059, Rapamycin, Akt inhibitors (CalBiochem), for one hour.
3.2.2. Western blotting
Cell lysates were prepared by three freeze-and-thaw cycles in a lysis buffer (20
mM Tris-HC, 150 mM NaCI, 1 mM EDTA, 1 mM EGTA, 1% Triton, 0.5% Igepal, 2.5
mM sodium pyrophosphate, 1 mM 0-glycerophosphate, 1 mM sodium vanadate, 1 pM of
okadaic acid, 1 ptg/ml leupeptin, 1 g/ml bestatin, and 1 mM PMSF) followed by
centrifugation at 14,000 g for 30 minutes. For cytochrome c detection, cytosolic fraction
was prepared by incubating cells in a lysis buffer with 20 mM Hepes, 10 mM KC1, 1.5
mM MgCl2, 1 mM EDTA, 2.5 mM sodium pyrophosphate, 1 mM -glycerophosphate, 1
mM sodium vanadate, 1 pAM of okadaic acid, 1 pg/ml leupeptin, 1 Jtg/ml bestatin, and 1
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mM PMSF at 4C for 20 minutes followed by 15 passages through 26 gauge needle.
Then, lysates were centrifuged at 14,000 g for 30 minutes followed by the centrifugation
of the supernatant at 100,000 g for 30 minutes. 50 or 100 !g of total protein measured by
the bicinchoninic acid (BCA) protein assay (Pierce Biotechnology, Rockford, IL) was
separated in 15% Tris-HCl gel (BioRad Laboratories, Hercules, CA) by SDS-PAGE
except 10% gel for poly-(ADP-ribose) polymerase (PARP) and transferred onto a PVDF
membrane. The membrane was blocked with 5% non-fat milk in Tris buffered saline
(TBS) with 0.1% Tween-20 for an hour and then incubated with an indicated primary
antibody in the same blocking buffer at 4C for overnight. Anti-mouse caspase-8
antibody, anti-rabbit cleaved caspase-9 antibody, anti-rabbit cleaved caspase-3 antibody,
anti-mouse BID antibody, anti-rabbit XIAP antibody (Cell Signaling Technology,
Beverly, MA), anti-mouse cytochrome c antibody, anti-mouse PARP antibody, anti-
mouse caspase-9 antibody, anti-mouse Apaf- 1 antibody, anti-mouse XIAP antibody (BD
Bioscience, San Jose, CA), and anti-mouse caspase-9 antibody (Upstate Biotechnology,
Waltham, MA) were used as primary antibodies (1:1000 dilution). After washing with
TBS with 0.1% Tween-20, the membrane was incubated with secondary anti-IgG
antibody conjugated with horseradish peroxidase (1:100,000 dilution) (Pierce
Biotechnology) for one hour. Then, blots were developed with supersignal West Femto
substrate (Pierce Biotechnology). If necessary, the membrane was reprobed with anti-
goat actin antibody (CalBiochem) for normalization.
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3.2.3. Apoptosis measurement
Apoptosis levels were measured with cell death detection ELISA plus (Roche)
according to the manufacturer's instruction. Briefly, cell lysates equivalent to 103 cells
were reacted with both anti-histone antibody labeled with biotin and anti-DNA antibody
conjugated with peroxidase in streptavidin-coated microplates for two hours. Microplate
wells were washed and incubated with substrates for colorimetric measurement at
wavelength 405 nm with reference at 490 nm.
3.2.4. Immunoprecipitation
Cell lysates containing 2 mg of protein were incubated with anti-rabbit
procaspase-9 antibody (BD bioscience) immobilized onto Aminolink plus coupling gel
(Pierce) at 4°C overnight. Beads were washed with TBS containing 0.1% Igepal and 3-
[(3-Cholamidopropyl)dimethylammonio]-l-propanesulfonate (Sigma). Then, bound
proteins were eluted with 0.1 M glycine (pH 2.9) for 15 minutes and immediately
neutralized with ammonium hydroxide.
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3.3. RESULTS
3.3.1. Insulin decreased the TNF-a-induced cleavage of procaspases and their
substrates
We investigated whether a survival signal, insulin, affected the cleavage of
procaspases and other related proteins in HT-29 cells by using Western blotting. We
observed the earliest TNF-a-induced cleavage products of caspase-8 at 4 hour, caspase-9
at 8 hour, caspase-3 at 12 hour, and poly-(ADP-ribose) polymerase (PARP) at 8 hour
(Figure 3-1). Due to differences in affinities of each antibody, absolute comparison
between proteins at each time point is not possible. However, an overall trend is that
upstream procaspases become cleaved before downstream substrates in response to TNF-
a treatment. On the other hand, insulin delayed the TNF-a-induced cleavage of all four
proteins (Figure 3-1). Also, insulin decreased the TNF-a-induced cleavage of
procaspase-8, and -9 and their downstream substrates, BID, procaspase-3, and poly-
(ADP-ribose) polymerase (PARP), in a dose-dependent manner (Figure 3-2). The
cleavage of the downstream substrates represents the activity of upstream enzymes (e.g.,
activated caspase-9 cleaves procaspase-3). We also detected release of cytochrome c into
the cytosol, a downstream event of the caspase-8 activation. The treatment with insulin
caused little decrease in the level of cytosolic cytochrome c, yet reduced the cleavage of
procaspase-9 significantly (Figure 3-2). This result implies that insulin inhibits the
cleavage of procaspase-9 via a separate mechanism from the one that affects the cleavage
of procaspase-8, an early event of the TNF-a signaling pathway.
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3.3.2. PI-3K and MAP kinase pathways mediate the inhibitory effects of insulin
Next, we examined insulin signaling pathways that inhibit the cleavage of
procaspases by using protein kinase inhibitors. LY 294002 and PD 98059 are inhibitors
of phosphatidylinositol-3 kinase (PI-3K) and mitogen-activated protein kinase kinase
(MAPKK), respectively, which are kinases activated by insulin. Both LY 294002 and
PD 98059 not only reversed the inhibitory effects of insulin but also enhanced the TNF-
a-induced cleavage of procaspase-8. In contrast, only LY 294002 reversed the ability of
insulin to inhibit the TNF-a-induced cleavage of procaspase-9 (Figure 3-3). Based on
these results, both MAPKK/ERK and PI-3K/Akt pathways activated by insulin reduce the
cleavage of procaspase-8, whereas PI-3K/Akt pathway seems to play a major inhibitory
role in regulating the cleavage of procaspase-9. Western blotting of their substrates,
caspase-3 and PARP, showed corresponding results to those of their upstream proteins.
Since both caspase-8 and -9 can cleave procaspase-3, we could not determine whether
insulin affects procaspase-3 and PARP directly or via alterations of one or both upstream
caspases. In addition, protein kinase inhibitors alone could induce the cleavage of
procaspase-8, -9, -3 and PARP, suggesting that an endogenous protective mechanism (s)
exists in this cell line.
3.3.3. The effects of insulin and a PI-3K inhibitor on the TNF-a-induced apoptosis
and on regulatory proteins of procaspase-9
To confirm the anti-apoptotic role of insulin via the PI-3K/Akt pathway, levels of
apoptosis was measured in response to insulin and/or LY 294002 in combination with
TNF-a. Insulin rescued cells from TNF-a-induced apoptosis while LY 294002 enhanced
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it (Figure 3-4). This result combined with the Western blotting data of caspase-9
suggests that the PI-3K/Akt pathway mediates one of the anti-apoptotic mechanisms
activated by insulin via the inhibition of procaspase-9 cleavage. Accordingly, we
investigated regulatory proteins of caspase-9. While we could observe that TNF-a
cleaved procaspase-9 (Figure 3-2 and 3-3), the treatment with TNF-a for up to 12 hours
did not change the protein level of Apaf-1, which is necessary for the activation of
procaspase-9 (Figure 3-5A). Also, insulin with or without LY 294002 in combination
with TNF-a did not alter the level of Apaf-I (Figure 3-5B and C). Therefore, we
examined another regulatory molecule, XIAP, a potent endogenous inhibitor of cleaved
caspase-3 and -9. We observed that the treatment with TNF-a produced an
approximately 30kDa fragment of XIAP (Figure 3-6A). In order to obtain
complementary data, we used two separate XIAP antibodies that are sensitive to either
intact or fragmented XIAP. The application of LY 294002 enhanced the fragmentation
of XIAP by TNF-a, while insulin reversed this effect (Figure 3-6B, Ab 1). Also, TNF-a
treatment decreased the level of intact XIAP at 57 kDa, which was reversed by insulin
and enhanced by LY 294002 (Figure 3-6B, Ab 2). In addition, insulin restored the level
of intact XIAP decreased by TNF-a in a dose-dependent manner (Figure 3-6C).
3.3.4. The effects of TNF-a and insulin on the co-precipitation of XIAP and
procaspase-9
Since the agents affecting the cleavage of procaspase-9 changed the level of intact
XIAP, we examined the interaction of XIAP with caspase-9. Contrary to previous
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literature showing that XIAP binds only to the cleaved form of caspase-9 (65, 69), we
observed that XIAP was co-immunoprecipitated with procaspase-9 in control HT-29 cells
(Figure 3-7A). The cleaved form of caspase-9 was not precipitated with the antibody
used for the immunoprecipitation (Figure 3-7B). Based on these results, we investigated
the effects of TNF-a with or without insulin on the binding of XIAP to procaspase-9.
Figure 3-7C shows that TNF-a treatment decreased the level of XIAP precipitated with
procaspase-9, which was reversed by insulin.
3.3.5. Protein kinase (s) responsible for the co-precipitation of procaspase-9 and
XIAP
Since LY 294002 is an inhibitor of PI-3K, which is an upstream kinase of insulin
signaling pathway, effects of inhibitors for downstream kinases were examined. Among
three Akt inhibitors and mTOR inhibitor, rapamycin, Akt inhibitor II showed the
strongest inhibition of insulin effect to decrease the TNF-a-induced cleavage of
procaspase-9 (Figure 3-8A). All three Akt inhibitors are synthetic phosphatidylinositol
analogues (70, 71). Akt inhibitor II and III inhibited the effect of insulin more strongly
than inhibitor I, which seems to result from improved cell permeability judging from their
structures. Based on this result, precipitation levels of XIAP with procaspase-9 were
examined. LY 294002 and Akt inhibitor II demolished the inhibitory effect of insulin on
the TNF-a-induced decrease of XIAP precipitation with procaspase-9, while rapamycin
did not show any effect (Figure 3-8B). These results confirm that insulin decrease the
TNF-a-induced activation of procaspase-9 by regulating XIAP via PI-3K/Akt pathway.
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3.4. DISCUSSION
3.4.1. Anti-apoptotic pathway and anti-apoptotic proteins
Insulin has been reported to rescue diverse cell types from death. Two survival
pathways activated by insulin are MAPKK/ERK and PI-3K/Akt pathways. Their
overexpression or activation by other survival factors, such as insulin-like growth factor-
1 (IGF-1), also prevents cells from undergoing apoptosis (72-74). Important questions
are which anti-apoptotic proteins are affected by these kinases and which pro-apoptotic
proteins are their targets. Caspases, key apoptosis mediators, accordingly, have been
studied as the most likely pro-apoptotic proteins regulated by anti-apoptotic effectors, yet
we still do not know complete mechanisms for survival signals to inhibit caspases. FLIP,
up-regulated by survival factors (75-79), has been suggested to inhibit the activation of
procaspase-8 by interfering with its binding to a death effector domain of Fas-associated
death domain proteins (56-58). The literature reported conflicting data on which survival
kinase regulates FLIP, probably due to different experimental conditions, including cell
types. Based on our results with pharmacological inhibitors, both MAPK/ERK and PI-
3K/Akt signaling pathways are involved in inhibiting the cleavage of procaspase-8. It
might be the case that both kinases regulate FLIP in HT-29 cells at different levels or in
different degrees. Alternatively, one kinase might decrease the cleavage of procaspase-8
via FLIP while the other operates via a different mechanism. We observed that insulin
treatment slightly increased the protein level of FLIP (data not shown). Phosphorylation
induced by survival signals has also been suggested to inhibit the activity of caspase-9.
Phosphorylation of recombinant procaspase-9 at a serine residue by Akt was shown to
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inhibit its activity (59), while phosphorylation of endogenous procaspase-9 at a threonine
residue by MAPKK/ERK pathway was reported in a HeLa cell line (80). Based on these
reports, different kinases may phosphorylate various sites of procaspase-9.
3.4.2. Involvement of PI-3K/Akt pathway in apoptosis of HT-29 cells
We observed that insulin decreased the rate of apoptosis and the cleavage of
procaspase-8, -9, and -3 induced by TNF-a. Also, our experiments with kinase inhibitors
demonstrated that the most likely pathway activated by insulin to inhibit the activation of
procaspase-9 is the PI-3K/Akt pathway. Janes et al. (81) emphasized that, in HT-29 cells
treated with TNF-a, Akt was the only kinase significantly activated over a long time
period by insulin compared to other kinases (ERK, JNK1, IKK, and MK2). In addition,
the activation of Akt by insulin showed a biphasic trend, which consists of early-time
activation and sustained activation from 4 to 24 hour (81). By applying a PI-3K inhibitor,
they confirmed that late-phase activation of Akt is important in decreasing apoptosis.
Sustained activity of Akt in this report agrees with our observation that insulin decreased
the TNF-a-induced apoptosis by reducing the cleavage of procaspase-9, a late apoptotic
event, via the PI-3K/Akt pathway.
3.4.3. XIAP is responsible in anti-apoptotic mechanism
These results led us to investigate mechanism (s) by which insulin reduces the
cleavage of procaspase-9, one of which might be that alterations in the interaction of
procaspase-9 with other proteins regulated by the PI-3K/Akt pathway may affect its
cleavage. Investigating potential molecules capable of mediating the survival effect of
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insulin, we found that TNF-a induced the cleavage of XIAP, which was enhanced by a
PI-3K inhibitor. Considering that XIAP is an important survival molecule to inhibit
caspases, particularly, bound to procaspase-9 as discussed below, its fragmentation
probably accelerates the apoptotic process. Similarly, auto-ubiquitination and
degradation of XIAP occurs in response to dexamethasone and etoposide (82) and a
mitochondrial serine protease, Omi/HtrA2, was suggested to degrade IAPs including
XIAP (83, 84). Also, a member of the inhibitor of apoptosis protein family, c-IAPI, was
cleaved by caspases, producing a proapoptotic fragment (85). Activation of Akt by
overexpression of FAK (51), vascular endothelial growth factor (VEGF) (86), and insulin
like growth factor- 1 (IGF- 1) (87) increased the gene expression or protein level of XIAP.
These reports correspond to our results showing that an inhibitor of PI-3K, an upstream
kinase of Akt, decreased the level of intact XIAP and induced its fragmentation. Akt was
also shown to undergo cleavage during the apoptotic process (43, 88).
3.4.4. Comparison of our results and previous literature
We observed that XIAP was co-immunoprecipitated with procaspase-9. Our
observation of XIAP binding to the proform of caspase-9 can explain why insulin
decreased both the level of cleaved caspase-9 as well as the cleavage of its downstream
substrates. If insulin affected only the cleaved form of caspase-9 via interaction with
XIAP, it should alter only the level of downstream substrates of caspase-9. The
possibility of procaspase-9 binding to XIAP was mentioned in earlier literature in the
field (63), but later reports emphasized that XIAP binds only to the cleaved form of
caspase-9 in either a cell-free system with mutated procaspase-9 or in an XIAP
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overexpressed cell line (65, 69). On the other hand, we investigated the wild type
endogenous procaspase-9 and XIAP from HT-29 cells. These differences in
experimental protocols could lead to different results. The antibody that we used does
not immunoprecipitate the cleaved form of caspase-9 (Figure 3-7B), but we cannot
exclude a possibility that XIAP binds to both the proform and the cleaved form of
caspase-9. Moreover, Western blotting of XIAP following immunoprecipitation of
procaspase-9 demonstrated that some amount of XIAP was not precipitated with
procaspase-9 (Figure 3-7A), which implies that XIAP may interact with other proteins,
possibly including cleaved caspase-9, for its multi-functions. Also, this antibody
recognized several bands, which might be multiple forms of XIAP. Various forms of
XIAP might interact with either proform or cleaved form of caspase-9.
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3.5. SUMMARY
We suggest that an interaction between XIAP and procaspase-9 is one of the
regulatory systems by which insulin decreases the TNF-a-induced cleavage of
procaspase-9 and the subsequent apoptosis. Our results, along with those of Janes et al.
(81), strongly support an anti-apoptotic mechanism in which insulin acts through the PI-
3K/Akt pathway. Further, a phosphorylation event (s) on an Akt substrate (s) may
prevent release of XIAP from procaspase-9. Procaspase-9 is a potential substrate for Akt
(59) and phosphorylation of XIAP by Akt was also reported recently (89). Therefore, it
is feasible that phosphorylation of either or both procaspase-9 and XIAP by Akt plays a
role in their interaction (and possibly other inhibitory proteins) and thus inhibits
subsequent XIAP cleavage. Phosphoproteomics approach was attempted to identify
phosphorylation of endogenous procaspase-9 and XIAP, but did not produce successful
result due to their low abundance and significant loss during the procedure. The results
shown in this chapter, in addition to the Chapter 2, demonstrating regulation of
procaspase-9 via S-nitrosation in HT-29 cells (90), suggest that there are multiple
inhibitory factors regulating a single component in the caspase cascade leading to
apoptosis in cultured cancer cells.
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Figure 3-1. Time course of cleaved caspases and PARP induced by TNF-a with or
without insulin. The cleaved forms of caspase-8, -9, -3, and PARP were detected by
Western blotting from the cells treated with 50 ng/ml of TNF-(x with or without 200 nM of
insulin for the indicated hours following the incubation with 200 U/ml of IFN-y for 24 hours.
p41/43 of caspase-8, p37 of caspase-9, p17 of caspse-3, and p85 of PARP are their cleaved
forms. Density of each band was measured by using Scion Image software and plotted with
the TNF-a-induced cleavage of each protein at 24 hour point as 100%.
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Figure 3-2. The effects of different doses of insulin on the TNF-ca-induced cleavage of
apoptosis-related proteins. The proform and/or cleaved form of each protein were detected
by Western blotting from the cells treated with 50 ng/ml of TNF-a with or without the
indicated concentrations of insulin for 8 hours following the incubation with 200 U/ml of IFN-
y for 24 hours. p53/55 of caspase-8 and pl16 of PARP are their intact forms. p41/43 of
caspase-8, p37 of caspase-9, p17/19 of caspse-3, and p85 of PARP represent their
partial/complete cleaved forms. Bands of BID and cytosolic cytochrome c represent their
intact forms. Actin was blotted as a loading control. The figures represent three similar
experimental results.
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Figure 3-3. The effects of protein kinase inhibitors on apoptosis-related proteins
regulated by TNF-a and insulin. The proform and/or cleaved form of each protein were
detected by Western blotting from the cells treated with 50 ng/ml of TNF-a with or without
500 nM of insulin for 8 hours, in some cases, following the pretreatment with either 20 gtM
of LY 294002 or PD 98059 for one hour. p53/55 of caspase-8 and p1 16 of PARP are their
intact forms. p41/43 of caspase-8, p37 of caspase-9, p17/19 of caspse-3, and p85 of PARP
represent their partial/complete cleaved forms. Actin was blotted as a loading control. The
figures represent three similar experimental results.
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Figure 3-4. The effects of insulin and a PI-3K inhibitor on the TNF-a-induced
apoptosis. Apoptotic levels were measured by ELISA assay for cytosolic histone-
associated DNA fragment. Cells were treated with 50 ng/ml of TNF-a (T) with or without
500 nM of insulin (I) for 24 hours, in some cases, with the pretreatment with 20 gM of LY
294002 (LY) for one hour. * represents that the value is statistically significant at p < 0.01
level. + represents that the value is statistically significant at p < 0.05 level. Paired Student
t-test with n=8.
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Figure 3-5. The level of Apaf-1, an activator of caspase-9, was constant with chemical
treatment. Panel A. The protein level of Apaf-1 was detected after the incubation with 50
ng/ml of TNF-a for the indicated hours. Panel B. Apaf- protein was detected by Western
blotting from the cells treated with 50 ng/ml of TNF-a with or without the indicated
concentrations of insulin for 8 hours following the incubation with 200 U/ml of IFN-y.
Panel C. Apaf-1 protein was detected by Western blotting from the cells incubated with 50
ng/ml of TNF-a with or without 500 nM of insulin for 8 hours, in some cases, following the
pretreatment with 20 jLM LY 294002 for one hour. Actin was blotted as a loading control.
The figures represent three similar experimental results.
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Figure 3-6. The effects of the chemicals affecting the cleavage of caspase-9 on XIAP. Panel
A. The protein level of XIAP was detected by Western blotting from the cells incubated with 50
ng/ml of TNF-a for the indicated hours. Panel B. Intact and the cleaved form of XIAP were
detected by two different antibodies after 8 hours of the application of 50 ng/ml of TNF-a with
or without 500 nM of insulin, in some cases, following the pretreatment with 20 PtM LY 294002
for one hour. Antibody 1 is anti-mouse XIAP antibody (BD Bioscience) and antibody 2 is anti-
rabbit XIAP antibody (Cell Signaling Technology). Panel C. Intact form of XIAP was detected
by using Western blotting from the cells incubated with 50 ng/ml of TNF-a with or without the
indicated concentrations of insulin for 8 hours following the treatment with 200 U/ml of IFN-y.
Actin was blotted as a loading control. The figures represent three similar experimental results.
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Figure 3-7. The effects of TNF-ac and insulin on the co-precipitation of procaspase-9
and XIAP. Panel A. Procaspase-9 and XIAP were detected from the control cell lysates by
Western blotting after immunoprecipitation with procaspase-9 antibody. lane 1: cell lysates
precipitated with control beads, lane 2: cell lysates precipitated with antibody-immobilized
beads, lane 3: no cell lysates precipitated with antibody-immobilized beads, lane 4:
supernatant of lane 1, lane 5: supernatant of lane 2, lane 6: supernatant of lane 3. Panel B.
Caspase-9 was detected from the control cell lysates with an antibody that recognizes both
proform and cleaved form after immunoprecipitation with procaspase-9 antibody. lane 1:
cell lysates precipitated with control beads, lane 2: cell lysates precipitated with antibody-
immobilized beads, lane 3: no cell lysates precipitated with antibody-immobilized beads,
lane 4: supernatant of lane 1, lane 5: supernatant of lane 2, lane 6: supernatant of lane 3.
Panel C. Caspase-9 and XIAP were detected by Western blotting after immunoprecipitation
of procaspase-9 from the HT-29 cells incubated with 50 ng/ml of TNF-a with or without
500 nM of insulin for 12 hours following 200 U/ml of IFN-y. The ratio of XIAP and
procaspase-9 was calculated from the density of bands measured by using Scion Image
software. The figures represent three similar experimental results.
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Figure 3-8. The effects of kinase inhibitors on the precipitation of procaspase-9 and
XIAP. Panel A. The protein level of cleaved caspase-9 was detected by Western blotting
from the cells incubated with 50 ng/ml of TNF-a for 8 hours with or without insulin
following the pretreatment of kinase inhibitors for 1 hour. R: 200 nM rapamycin; Al: 20 gM
of Akt inhibitor I; A2: 20 gM of Akt inhibitor II; A3: 20 gM of Akt inhibitor III. Panel B.
Caspase-9 and XIAP were detected by Western blotting after immunoprecipitation of
procaspase-9 from the HT-29 cells incubated with 50 ng/ml of TNF-a with or without 500
nM of insulin for 12 hours following the pretreatment of kinase inhibitors for 1 hour. LY: 20
gM of LY 294002 R: 200 nM of rapamycin; A2: 20 M of Akt inhibitor II.
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Chapter 4. CHARACTERIZATION OF PHOSPHOPROTEINS REGULATED BY
AN APOPTOTIC STIMULUS, TUMOR NECROSIS FACTOR-a,
IN HT-29 CELL LINE
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4.0. ABSTRACT
Phosphorylation events in signaling cascades triggered by a variety of cellular
stimuli modulate functions of proteins, leading to diverse cellular outcomes including cell
division, growth, death, and differentiation. Abnormal regulation of phosphorylation due
to mutation or overexpression, therefore, results in disease states. As a preliminary study
for further investigation of phosphoproteins regulated in responses to diverse cellular
signals, whole cell phosphopeptides were identified in a human colon adenocarcinoma
cell line, HT-29, treated with insulin, by employing a phosphoproteomics technique with
liquid chromatography (LC)-mass spectrometry (MS)/MS. Whole HT-29 cell protein
extracts were digested with trypsin followed by conversion of carboxylate groups to
methyl esters. Derivatized phosphopeptides were enriched using Immobilized Metal Ion
Affinity Chromatography (IMAC). Phosphopeptides were, in turn, separated by high
performance liquid chromatography (HPLC) and analyzed by electrospray ionization-
quadrupole-time-of-flight (Q-STAR®) mass spectrometry. Database search by
MASCOT algorithm followed by manual confirmation of peptide sequences as well as
phosphorylation sites enabled us to characterize 176 confirmed and 22 potential
phosphorylation sites in 114 phosphopeptides. Additionally, we identified 28
phosphopeptides containing 64 potential phosphosites, but could not locate
phosphorylation sites. In addition to a search of published literature, Scansite was used to
search possible kinases for each phosphopeptide. We also investigated phosphopeptides
regulated by an extracellular apoptotic signal, tumor necrosis factor-a. At two time
points of post-stimulation, we could detect alteration of some apoptosis-related proteins.
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Phosphorylation states of these proteins may regulate the apoptotic process. Proteome-
wide IMAC-LC/MS/MS approach enabled us to identify some low-abundance proteins
and to detect phosphoproteins possibly regulated during apoptosis. However, in order to
obtain quantitative information on the higher number of low-abundance proteins,
additional sample preparation will be necessary to simplify and enrich sample mixture.
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4.1. INTRODUCTION
Phosphorylation is a crucial modification to regulate functions of proteins
involved in signaling pathways. Aberrant regulation of phosphorylation, accordingly,
leads to disease states (1, 2). Thus, abnormal activity of protein kinases and phosphatases
resulting from overexpression or mutations has been reported in carcinogenesis (2).
Mapping components and their regulations in signaling pathways, such as kinases,
phosphatases, and their substrates, particularly, oncogenes or tumor suppressor genes,
therefore, has been extensively studied. Traditionally, 32 P-based protein blotting and
phosphopeptide mapping combined with Edman sequencing visualize phosphoproteins
and identify modification sites. These procedures require intensive labor, radioactive
materials, and often purified proteins. On the other hand, proteomics technology has
focused on developing methods to detect and measure a large number of phosphoproteins
in shorter time, demonstrating considerable improvements in both qualitative and
quantitative aspects. Nevertheless, identification of phosphoproteins or characterization
of their phosphorylation sites is still challenging, although a third of all proteins in
eukaryotic cells are phosphorylated at any given time (3). Separation of cell extracts with
or without various treatments (4,5) using one or two dimensional gel electrophoresis
followed by mass spectrometry analysis is a typical proteomics procedure. This
procedure was improved by enrichment of low abundance phosphoproteins with
phosphospecific antibodies, particularly, phosphotyrosine antibody, followed by mass
spectrometry analysis (6). Still, proteins phosphorylated at tyrosine residues comprise
only 0.05% of all phosphorylated proteins (7). In addition, phosphoserine/threonine
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proteins are still difficult to analyze with this approach due to lack of efficient antibodies
despite recent improvement (8, 9). Moreover, isolation and identification of
phosphopeptides in peptide mixtures revealed disadvantages in locating specific
phosphorylation sites because of ionic suppression in the presence of non-phosphorylated
peptides. Precursor ion scanning mode facilitated detection of phospho-tyrosine residues,
but not phospho-serine/threonine residues due to their lability (10-14). These limitations
led different research groups to develop methods to enrich phosphopeptides instead of
phosphoproteins. Oda et al. isolated and identified phosphopeptides by labeling
phosphate moieties with biotin following -elimination (15). Zhou et al. also captured
phosphopeptides via covalent bonds to glass beads after adding sulfhydryl to phosphate
moieties (16). These methods enhanced specificity, but require multi-step sample
preparations and detected only high-abundance proteins possibly due to sample loss from
harsh experimental conditions. Other challenges in phosphoproteomics using mass
spectrometry are lability of phosphate groups in collision-induced-dissociation mode and
difficulty in obtaining full sequence coverage. Recent techniques designed by Knight et
al. introduced chemical transformation of phospho-serine/threonine into lysine analogs
using f-elimination followed by a reaction with aminoethylcysteine, resulting in
phosphospecific cleavage, unique y ions, and consequently improved MS/MS data
interpretation (17). This technology, however, cannot distinguish phosphorylation from
O-glycosylation unless combined with phosphatase or glycosidase pretreatment. Also,
this method is still limited to only phospho-serine/threonine residues and its application
to biological samples was not performed yet. Ficarro et al. combined nano liquid
chromatography (LC)/mass spectrometry (MS) technique and Immobilized Metal Ion
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Affinity Chromatography (IMAC), which was developed and applied by various groups
(18-25), to characterize enriched phosphopeptides from yeast (26). Conversion of
carboxylate groups into methyl esters reduced non-specific binding to IMAC, thereby
resulting in a high coverage of phosphopeptides including low-abundance
phosphoproteins from Saccharomyces Cerevisiae. This method involves only a single
step and detects all three phosphorylation forms.
Since it was shown that quantitative information on proteins cannot be predicted
from mRNA expression data (27), the proteomics field has focused on the development
of quantitative methods to measure both expression and function of proteins.
Traditionally, isotope-coded alkylating agents have been used to obtain quantitative
information. Isotope-Coded Affinity Tag (ICAT) developed by Gygi et al. (28) was a
breakthrough report combining biotin labeling to isolate cysteine-containing peptides and
thereby to simplify a mixture introduced to LC/MS system and traditional isotope effects
for quantitation. This report, however, presented mostly high abundance proteins. Solid-
phase photocleavable isotope tagging, an improved method based on ICAT, identified a
larger number of proteins than the previous report (29). Mass-coded abundance tagging
(MCAT) introduced an idea to modify lysine residues with O-methylisourea into
homoarginine to compare with unmodified peptides (30), and isotope-based metabolic
labeling in cell culture systems has also been reported. Conrads et al. combined cysteine
affinity tags and metabolic labeling for more complementary information (31).
Alterations in phosphorylation states of proteins are often used as indicators of
cell fate-growth, division, apoptosis, or differentiation. Accordingly, quantitative
methodologies to compare different states of cells for identification of biomarkers or
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different chemical treatments for testing drug efficacy have been developed. Steinberg et
al. has reported a fluorescent dye named Pro-Q Diamond combined with two dimensional
gel electrophoresis to quantitate phospho-proteins (32). This dye can provide quantitative
information of phosphorylation in proteins, but not of phosphorylation sites, which means
lack of information on regulation at multiple phosphorylation sites in responses to
cellular stimuli. Difficulties in identifying phosphopeptides from peptide mixtures, even
from a protein, led researchers to develop diverse methods to enrich phosphopeptides. A
method to enrich and quantitate phosphopeptides at the same time has been developed
from traditional isotope-coded affinity tag after [-elimination at phosphorylation sites
(33-35). This approach reported only a small number of phosphoproteins from the MCF-
7 cell line without comparison of different cell states. Isotope-labeled amino acids, e.g.,
1 3C and 15N, in culture medium also have been used for quantitation (36, 37). This
literature reported quantitative information on only a specific protein, not global level.
No literature has provided phosphoproteomics information on a human colon
adenocarcinoma cell line, HT-29 cells. Applying IMAC followed by nano LC/MS/MS,
we now demonstrate a profile of phosphopeptides and their modification sites from HT-
29 treated with insulin. We also detected phosphopeptides potentially regulated during
the early apoptotic process induced by tumor necrosis factor-a. Additional sample
preparation is, however, necessary for relative quantitation of a larger number of low-
abundance proteins.
122
4.2. EXPERIMENTAL PROCEDURES
4.2.1. Cell culture and chemical treatments
Human colon epithelial adenocarcinoma cell line, HT-29 (provided from the Peter
Sorger laboratory in the MIT Biology Department), was maintained in McCoy's 5A
medium (Life Technologies, Grand Island, NY) supplemented with 10% fetal bovine
serum and L-glutamine (Life Technologies) at 370C under 5% CO2. Cells were seeded
onto culture plates at a density of 5x104 /cm2 and grown for 24 hours. Then, 200 U/ml of
interferon-y (IFN-y) (Roche Applied Science, Indianapolis, IN) was applied for 24 hours,
followed by treatment with 500 nM of insulin and 1 M of okadaic acid (Sigma, St.
Louis, MO) for 30 minutes. For apoptotic cell analysis, cells were treated with 50 ng/ml
of tumor necrosis factor-a for the indicated hours following the application of interferon-
y to sensitize the cell line to death signal.
4.2.2. Protein extraction, digestion, and esterification
Whole cell proteins were extracted from 5x106 of HT-29 cell lysates using
Trizol® (Life Technologies) according to the manufacturer's instruction. The protein
pellet was resolubilized in 1% of SDS and diluted to 0.2% of SDS by adding 100 mM of
ammonium acetate (pH. 8.9). Then, proteins were digested with 20 g of trypsin
(Promega, Madison, WI) overnight at 37 C. Digested peptides were lyophilized in
Speed Vac and then derivatized with 1 ml of anhydrous methanol and 40 Al of thionyl
chloride for two hours followed by lyophilization.
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4.2.3. Enrichment of phosphopeptides by IMAC
IMAC was prepared as described (26). Briefly, 15 cm long (750 pm o.d. x 530
pm i.d.) microcapillary fused-silica column (Polymicro Technologies, Phoenix, AZ) was
packed with POROS 20MC (Applied Biosystems, Framingham, MA) and washed with
100 mM of [ethylenedinitrilo]-tetraacetic acid (EDTA). Then, the column was loaded
with 100 mM of FeCl3 for 10 minutes at 100 p.s.i. Next, derivatized peptides from
-lx10 6 cells were loaded into the IMAC column followed by washing with an organic
buffer (25 % acetonitrile, 100 mM NaCI, and 1 % acetic acid) and 0.1 % acetic acid.
Phosphopeptides were eluted with 250 mM of NaH2PO4 into an 8 cm long (360 pm o.d. x
100 m i.d.) microcapillary fused silica precolumn packed with 10 m C18 particles
(YMC, Wilmington, NC).
4.2.4. Mass spectrometry analysis
The precolumn was connected to a 10 cm long (360 gm o.d. x 50 pm i.d.)
microcapillary fused silica analytical column with an integrated electrospray ionization
tip (-1nm) and packed with 5 pm C18 particles (YMC ODS-AQ, Waters, MA).
Phosphopeptides were analyzed by HPLC-electrospray ionization-quadruple-time-of-
flight system (Applied Biosystems) with a gradient of 0-60 % B in 200 minutes, 60-100
% B in 10 minutes, 100-100 % in 2 minutes, and 100-0 % in 2 minutes with a flow rate
less than 50 nl/min. The instrument cycled through acquisition of a full-scan mass
spectrum (m/z 400-1500) for a second followed by 3 MS/MS scans (charge state 2 - 5+,
m/z 100-2000, accumulation time 1.5 sec, exclusion time of former target ions 60
seconds, resolution set as low, collision energy = slope*(m/z) + intercept with maximum
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80 V; charge state/slope/intercept; 2+/0.0325/15; 3+/0.0300/9; +4/0.0300/7) sequentially
on the three most abundant ions present in the initial MS scan.
4.2.5. Database analysis
All MS/MS spectra were converted for subsequent search against human protein
database by using MASCOT algorithm. Search parameters contained a variable
modification of +80 Da on serine, threonine, and tyrosine, -elimination of phospho
amino acids, and a fixed modification of +14 Da on the C-terminal of peptides and the
side chains of aspartic acid and glutamic acid. Then, phosphorylation sites and sequence
of identified peptides in MASCOT search results were validated by confirmation from
raw MS/MS data.
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4.3. RESULTS
4.3.1 Identification of phosphopeptides from HT-29 cells treated with insulin
Table 4-1 shows a list of confirmed phosphopeptides from HT-29 cells treated
with insulin. Most phosphopeptides identified with high score in this experiment are
from high-abundance proteins, which are involved in structural maintenance,
transcription, mRNA processing, and translation. However, proteins involved in
signaling pathways such as p53, CDC 2 isoform 1, PDGFA associated protein-i, Protein
kinase D2, PKA alpha 1 catalytic subunit, AP2 associated kinase-1 were also identified.
We observed a number of singly phosphorylated peptides, which suggests that the
column was not overloaded. We excluded any hypothetical protein, of which function
was not published. There is a list of phosphopeptides with unconfirmed phosphorylation
sites (Table 4-2). Some of the peptides were detected only from insulin-treated cells
(Table 4-1). In summary, a database search with MS/MS data by MASCOT algorithm
followed by manual confirmation of peptide sequences, as well as phosphorylation sites,
showed 176 confirmed and 22 potential phosphorylation sites in 114 phosphopeptides
from HT-29 cells treated with insulin. Additionally, 28 phosphopeptides were detected
although we could not locate potential 64 phosphosites due to insufficient MS/MS data.
4.3.2. Detection of phosphopeptides potentially regulated during early apoptosis
It is known that both phosphorylation and dephosphorylation of proteins occur
during apoptosis and are also involved in regulating apoptosis. A question is whether
there is a general trend of (de) phosphorylation to explain mechanism of apoptosis.
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Given that apoptosis is a multi-step and complex process, it is likely that regulation of
phosphorylation should be investigated both at the level of individual protein and global
protein networks instead of drawing one conclusion.
Table 4-3, 4-4, and 4-5 present phosphopeptides detected at 0, 4, and 8 hour after
incubation with tumor necrosis factor-a (TNF-a). Next, Table 4-6 shows a list of
phosphopeptides detected at 0 and 4 hour while Table 4-7 shows phosphopeptides
detected at 4 hour and 8 hour. Results suggest that regulations of phosphorylation vary
among phosphoproteins, therefore focus should be to examine functional outcome of
each protein when it is either phosphorylated or dephosphorylated. Information on
unknown phosphorylation sites of apoptosis-related proteins from our data support that
altered phosphorylation states of both anti- and pro-apoptotic proteins regulate the
apoptotic process. BCA protein assay shows little changes in total protein concentration
(Figure 4-1). On the other hand, both cleavage of some caspases (Figure 3-1) and
apoptosis start to increase at 8 hour time point (Figure 4-1). These results suggest that
protein degradation does not interfere with interpretations of altered phosphorylation
during apoptosis.
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4.4. DISCUSSION
4.4.1. Advantages and disadvantages of global level phosphoproteomics
Development of IMAC in the format of microcapillary column chromatography
combined with LC/MS/MS facilitated a large amount of data in phosphoproteomics field.
Datasets start to be established in diverse systems and efforts to develop and apply
quantitative methods to physiological systems (e.g., cell lines, primary cells, and tissues)
have been made. The lists of phosphopeptides from HT-29 cells in this thesis show a
large number of phosphopeptides from the smaller number of cells than previously
published reports. Also, the lists include signaling proteins, such as p53, CDC 2 isoform
1, PDGFA associated protein-l, Protein kinase D2, PKA alpha 1 catalytic subunit, AP2
associated kinase-l. There are, however, still limitations in the present
phosphoproteomics techniques in identifying low-abundance, signaling phosphopeptides
from a global level analysis. We attempted to obtain quantitative information by
derivatizing carboxyl groups including aspartate and glutamate with Do and D3 isotope-
labeled agents. This approach with whole cell proteins showed some drawbacks in
studying low-abundance proteins. Although extracted ion chromatography enabled us to
quantitate abundant peptides with distinct peaks, it is hard to compare peaks of low-
abundance peptides in a complex mixture such as whole cell proteins, demonstrating
issue of dynamic range in the global level approach. Based on the results, in order to
identify a specific pathway or low-abundance signaling proteins, it is necessary to
simplify samples and, thereby, enrich target proteins to obtain complementary
information in addition to global level data.
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4.4.2. General trend of phosphopeptides potentially regulated during apoptosis
The apoptosis mechanism is very complex and is regulated by both
phosphorylation and dephosphorylation, which may cause or block apoptosis in the
appropriate context. Our results suggest that regulation of phosphorylation events vary
among proteins at each time point of apoptosis, emphasizing interpretation at individual
protein level. Our results with unknown phosphorylation sites from apoptosis-related
proteins provide complementary information to known regulation of anti- and pro-
apoptotic proteins. Functions of those proteins whose detection was altered by tumor
necrosis factor-a are discussed next.
4.4.3. Functions of phosphoproteins (un) detected during apoptosis
A number of phosphopeptides were detected at different time points. Since
relative quantification in this approach showed some challenges, only on or off detection
was considered and listed in this thesis. Among the phosphopeptides in tables, proteins
related to apoptosis are discussed here for their functions. TGF-l-induced anti-
apoptotic factor-1 (TIAF-1), caspase-8 associated protein-2 (FLASH homolog RIP25),
and damage-specific DNA binding protein-2 (DDB-2) were detected only at 0 hour.
TGF-l1-induced anti-apoptotic factor inhibits apoptosis induced by both TNF-a and
overexpression of TRADD, FADD and RIP (38). Also, it mediates inhibition of IKB-a
expression by TGF-P and inhibits TNF-a-mediated IKB-a degradation (38). The role of
TIAF-1, however, seems to vary among cell types (39). Caspase-8 associated protein-2
(FLASH homolog RIP25) is a homologue to FLASH, a mouse apoptotic protein, which
interacts with the death-effector domain (DED) of caspase-8 and may be a component of
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the death-inducing signaling complex (DISC) (40). Also, caspase-8 associated protein-2
coordinates NF-irB activity induced by TNF-a (41). Damage-specific DNA binding
protein-2 (DDB-2) is involved in repair of UV-induced apoptosis and confers cells
resistance to UV (42). DDB-2 and p53 regulates mutually (43). Although our apoptotic
agent was a death receptor ligand, DDB-2 could be related to chromosomal changes
during apoptosis.
Cathepsin C (dipeptidyl-peptidase I) is required for the proteolytic activation of
progranzymes B, whose activation leads to partial processing of procapase-3 (44). 3-
Phosphoinositide dependent protein kinase-1 (PDK-1) plays an important role in
regulating the Akt survival pathway by phosphorylating Akt at Thr-308 (45). PDK-1 is
auto-phosphorylated at Ser-241 (46), which was identified in our experiment and may be
negatively regulated by binding to 14-3-3 (47). Phosphorylation of Akt, a substrate of
PDK-1, by TNF-a was shown (48), but, in general, apoptotic signals block
phosphorylation of Akt and degrade Akt (49).
Death-associated protein (DAP) is a basic, proline-rich, 15-kD protein, which was
identified as a positive mediator of programmed cell death induced by interferon-y (50).
Interferon-y was used as a sensitizing agent to apoptosis in our system. It is feasible that
expression of DAP is induced by one cytokine and then it may be phosphorylated by
another cytokine as apoptosis progresses. In our result, DAP was detected at 8 hour. A
proapoptotic factor, interferon-inducible double stranded RNA dependent protein kinase,
interacts with apoptosis signal-regulating kinase-1 (ASK-1), involved in apoptotic
signaling pathway (51). This protein was detected at both 4 and 8 hour.
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A lot of phosphopeptides were not detected at 8 hour compared to earlier time
points. Apoptosis inhibitor 5, also named as FGF-2-interacting-factor (FIF) (52) or 55-
kDa AAC- 11 protein (53), is an example. Also, baculoviral IAP repeat-containing 6 is a
human IAP-family gene, apollon, expressed in human brain cancer cells (54). This
protein may exert cell protective mechanism from apoptosis. IAP-associated factor
VIAF-1, also called phosducin-like 3 (55), was not detected. MAPK 14 (p3 8 MAP
kinase) may be involved in the early onset of apoptosis (56-60). We could identify
known phosphorylation sites of p38 MAP kinase, both Thr-180 and Tyr-182, at 0 and 4
hour. We could not quantitate p38 phosphorylation, but function of p38 may be
modulated by other proteins in control cells, considering that its phosphorylation was
detected under normal conditions. Also, the fact that it was not detected at 8 hour may
support its role in early onset of apoptosis. Programmed cell death-5, also called TF-1
cell apoptosis related gene-19 (TFAR-19), is suggested to play an early and universal role
in apoptosis (61). SH3-domain kinase binding protein-i (SH3KBP-1) is an 85-kD c-Cbl-
interacting protein that enhances TNF-a-mediated apoptotic cell death possibly via
involvement in ligand-induced downregulation of receptor tyrosine kinases, such as
epidermal growth factor receptor, by Cbl (62-65). Exact function or phosphorylation
sites of some apoptosis-related proteins regulated by TNF-a in our results was not
previously reported. Functional outcome of altered phosphorylation is, therefore, not
clear, but anti-apoptotic proteins may undergo dephosphorylation, possibly accelerating
the late phase of the apoptotic process.
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4.4.4. Conclusions
It is known that altered phosphorylation states of anti- and pro-apoptotic
phosphoproteins regulate the apoptotic process. In support of this, our
phosphoproteomics approach with IMAC-LC/MS/IMS allowed us to detect alteration of
phosphopeptides from apoptosis-related proteins at two time points during early
apoptosis induced by tumor necrosis factor-a. In order to obtain complete information
on regulation of apoptosis including identification and improved quantitation of the
phosphorylation states of low-abundance proteins, it will be necessary to simplify protein
samples via immunoprecipitation or fractionation.
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4.5. SUMMARY
With help of IMAC combined with nano LC/MS/MS, a list of phosphopeptides
from HT-29 cell line was identified. Also, the same technique enabled us to detect
phosphoproteins whose alterations are potentially important in the progress of apoptosis
induced by tumor necrosis factor-a. The technique provides a powerful tool to identify
phosphopeptides. However, in order to quantitate a number of peptides from different
cell states, further isolation of a group of interesting peptides or additional fractionation is
necessary in sample preparation step.
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Figure 4-1. Changes of total protein concentration and apoptotic level during TNF-a
treatment. Upper chart, Total protein concentration was measured using the bicinchoninic
acid (BCA) protein assay. n=3. Bottom chart, Apoptosis levels were measured with cell death
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Chapter 5. CONCLUSIONS AND FUTURE STUDIES
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5.1. CONCLUSIONS
5.1.1. S-nitrosation regulates the activation of endogenous procaspase-9 in HT-29
cells
Using a biotin labeling method combined with immunoprecipitation, we were
able to visualize S-nitrosation of endogenous procaspase-9 in the HT-29 cell line. We
suggest that nitric oxide-mediated signals protect cells from apoptosis under normal
conditions, via S-nitrosation of procaspase-9, which then is removed during the apoptotic
process induced by TNF-a as outlined in Figure 2-7. S-nitrosation could be a major
negative regulatory mechanism to explain the role of nitric oxide in protecting cells from
apoptosis. On the other hand, denitrosation could be one of apoptotic events induced by
TNF-a to speed up the cleavage of procaspase-9.
5.1.2. The inhibitory effects of insulin on the activation of procaspase-9 via X-
chromosome linked Inhibitor of Apoptosis Protein (XIAP)
We suggest that an interaction between XIAP and procaspase-9 is one of the
regulatory systems by which insulin decreases the TNF-a-induced cleavage of
procaspase-9 and the subsequent apoptosis. Results in this thesis, along with those of
Janes et al. (Chapter 3 ref. 82), support an anti-apoptotic mechanism in which insulin acts
through the PI-3K/Akt pathway. Further, a phosphorylation event (s) on an Akt substrate
(s) may prevent release of XIAP from procaspase-9.
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5.1.3. Detection of phosphoproteins potentially regulated during apoptosis induced
by tumor necrosis factor-a
Diversity of potential regulatory mechanisms led us to investigate alteration of
phosphorylation in apoptotic HT-29 cells at global level. -200 phosphopeptides were
identified from insulin-treated cells. The list includes signaling proteins such as p53,
CDC 2 isoform 1, PDGFA associated protein-i, Protein kinase D2, PKA alpha 1 catalytic
subunit, and AP2 associated kinase- 1. In detecting alterations of phosphopeptides during
early apoptosis, unknown phosphorylation sites from our data may add potential
regulations to known regulatory mechanisms of both anti- and pro-apoptotic proteins.
Further isolation of a group of interesting peptides or additional fractionation will
simplify samples and, therefore, enable us to identify and quantitate a larger number of
low-abundance molecules involved in signaling pathways.
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5.2. FUTURE STUDIES
5.2.1. S-nitrosation of proteins
5.2.1.1. Development of analytical methods to identify S-nitrosated peptides
We have been developing an analytical method to enrich S-nitrosated peptides.
Although it was successful to analyze a single peptide, application of the method to
exogenously nitrosated proteins demonstrated difficulties most likely due to the limit of
detection resulting from low-efficient nitrosating reaction or loss of samples during the
procedure. The procedure, therefore, needs to be improved by decreasing the number of
steps to enrich S-nitrosated peptides and enhancing detection sensitivity.
5.2.1.2. Identification of a nitric oxide synthase and other mediators responsible for
S-nitrosation
We could not detect responsible nitric oxide synthase by Western blotting.
Stamler group reported co-localization of iNOS and procaspase-3, which suggests that a
NOS and procaspase-9 may be compartmentalized as well. Whether a NOS is located in
mitochondria is not certain, but previous literature supports a hypothesis that
mitochondrial NOS is likely a source of S-nitrosation at least for the proteins localized in
mitochondria since larger fraction of procaspase-3 is S-nitrosated in mitochondria, yet
this modification did not affect localization. Identification of not only a source of S-
nitrosation, but also direct S-nitrosating molecules is fundamental question to be
answered. Molecules involved in cellular redox systems, such as glutathione,
thioredoxin, can be reasonable to investigate for their ability to transnitrosate proteins.
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__
5.2.2. Regulation of the cleavage of procaspase-9 via XIAP
We demonstrated that insulin decreased TNF-a-induced apoptosis, in part, by
decreasing the cleavage of an upstream caspase, procaspase-9, via XIAP through PI-
3K/Akt pathway. Investigating involvement of phosphorylation in interaction of
procaspase-9 and XIAP will be informative to understand regulation of apoptosis by
survival factors.
5.2.3. Proteomics approach to investigate regulation of phosphorylation during
apoptosis
Phosphoproteomics approach at the global level demonstrated advantage in
obtaining information of a number of proteins at one time, but most phosphoproteins
identified with high score are high abundance proteins. In order to investigate low-
abundance proteins involved in signaling pathways, additional sample preparation
procedure such as multi-dimensional chromatography, subcellular fractionation, or
immunoprecipitation is necessary. Simplifying samples will help also to obtain
quantitative information on low-abundance phosphoproteins in addition to the advantage
from improved quantitative techniques such as co-eluting isotope labeling agents.
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